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PREFACE 
A primary f a c t o r  i n  t h e  development of f u t u r e  a i r  t r a n s p o r t a t i o n  
is t h e  te rmina l  area a i r  t r a f f i c  c o n t r o l  system. The system must 
p e r m i t  t h e  maximum flow of a i r c r a f t  i n t o  and ou t  of t h e  te rmina l  area, 
s a f e l y  and economically,  s o  t h a t  de lays  are e i t h e r  e l imina ted  o r  
brought t o  a t h e o r e c t i c a l  minimum. The system must be capable  of 
e l imina t ing  not  on ly  today ' s  te rmina l  area de lays  but  a l s o  t h e  
p o t e n t i a l  de lays  of  f u t u r e  yea r s  based on passenger ,  a i r c r a f t ,  and 
a i r p o r t  p ro j ec t ions .  
The fol lowing r e p o r t  cons ide r s  t h e  "systems design" of te rmina l  
a r e a  a i r  t r a f f i c  c o n t r o l  systems now through t h e  year  2000, It con- 
s i d e r s  t h e  a i r  t r a f f i c  c o n t r o l  procedures and hardware, inc luding  
takeoff  and landing and a i r  c o l l i s i o n  avoidance. It cons iders  t h e  
impact of  passenger and a i r c r a f t  demand., It cons iders  t h e  impact 
of  a i r c r a f t  and a i r p o r t  c h a r a c t e r i s t i c s .  F i n a l l y ,  it develops a 
genera l ized  model which may be used t o  determine the  impact upon 
te rmina l  a r e a  ope ra t ing  t i m e  caused by any proposed a i r  t r a f f i c  
c o n t r o l  system, a i r p o r t  system o r  a i r c r a f t  c h a r a c t e r i s t i c .  
The des ign  i s  proposed by t h e  twenty p a r t i c i p a n t s  of t h e  Nat ional  
Aeronaut ics  and Space Adminis t ra t ion  - West Vi rg in i a  Un ive r s i ty  Summer 
Pre-Doctoral  Fel lowship Program i n  Engineering Systems Design as a 
r e s u l t  of t h e i r  e leven  week s tudy performed a t  t h e  NASA Langley 
Research Center .  I n  a d d i t i o n  t o  a t t a i n i n g  t h i s  design,  t he  purposes 
of t h e  program were t o  g ive  t h e  p a r t i c i p a n t s  a systems des ign  
experience and a b e t t e r  awareness of our n a t i o n s s  e f f o r t s  i n  ae ronau t i c s  
and a s t r o n a u t i c s  
i v  
Engineering Systems Design Programs have become w e l l  recognized 
f o r  t he  many b e n e f i t s  they  g ive  t h e  p a r t i c i p a n t s ,  They o b t a i n  an 
a p p r e c i a t i o n  of and experience wi th  t h e  o v e r a l l  problems which are 
involved i n  prepar ing  a prel iminary design.  A t  t h e  same time, each 
p a r t i c i p a n t  has  t h e  oppor tuni ty  t o  i n v e s t i g a t e  i n  cons iderable  d e t a i l  
and become expe r t  i n  one o r  two p a r t i c u l a r  aspects of t h e  system. A 
p a r t i c i p a n t  l e a r n s  t h a t  he must understand t h e  concepts of  o t h e r  
d i s c i p l i n e s  and how t h e s e  d i s c i p l i n e s  re la te  wi th  h i s  own; he must be 
a b l e  t o  t a l k  and work wi th  o t h e r s  as a des ign  t e a m ;  and he must be a b l e  
t o  handle systems des ign  problems where o f t e n  the  ques t ions  cannot even 
be proper ly  asked u n t i l  they are  a% least  p a r t i a l l y  answered. 
The Nat ional  Aeronaut ics  and Space Adminis t ra t ion  has  encouraged 
t h e  development of u n i v e r s i t y  engineer ing systems des ign  programs 
through sponsorship of  summer f a c u l t y  t r a i n i n g  programs a t  NASA c e n t e r s  
and s tuden t  pre-doctora l  fe l lowships  a t  u n i v e r s i t i e s .  A s  a r e s u l t ,  t h e  
number of u n i v e r s i t i e s  o f f e r i n g  systems des ign  courses  cont inues  t o  
grow; however, t h e  t o t a l  number remains small. Not a l l  s t u d e n t s  have 
t h e  oppor tuni ty  t o  t ake  such a course  because of %he l imi t ed  curr iculum 
of t h e i r  i n s t i t u t i o n s .  Recognizing t h i s ,  NASA and West VirgFnia Univ- 
e r s i t y  have agreed t o  p re sen t  a summer program i n  engineer ing systems 
des ign  f o r  which a l l  pre-doctora l  s tuden t s  i n  che country a r e  e l i g i b l e  
t o  apply,  The p a r t i c i p a n t s  r ece ive  academic c r e d i t  from West V i r g i n i a  
Un ive r s i ty  which may be t r a n s f e r r e d  t o  t h e i r  home i n s t i t u t i o n s .  The 
twenty p a r t i c i p a n t s  who prepared t h e  fol lowing a i r  t r a f f i c  c o n t r o l  
des ign  r ep resen t  t h i r t e e n  i n s t i t u t i o n s  from a c r o s s  the  United S t a t e s .  
The NASA and West Vi rg in i a  Un ive r s i ty  a l s o  agreed t h a t  t h e r e  would be 
added b e n e f i t  by conducting t h e  program a t  t h e  Langley Research Center 
V 
where advantage could be made of t h e  p ro fes s iona l  s t a f f ,  f a c i l i t i e s ,  
and environment 
This  r e p o r t  r ep resen t s  t h e  r e s u l t s  of  t h e  second NASA-West V i rg in i a  
Un ive r s i ty  Summer Systems Design Program, The f i r s t  program conducted 
dur ing  t h e  summer of  1969 r e s u l t e d  i n  t h e  des ign  “United States  A i r  
Transpor ta t ion  1980. I ’  
A l l  des ign  teams hope t h a t  t h e i r  des ign  w i l l  c o n t r i b u t e  t o  t h e  
advancement of s o c i e t y .  It is  be l ieved  t h a t  t h e  fol lowing des ign ,  
i n  a d d i t i o n  t o  t h e  experience it has  given t h e  p a r t i c i p a n t s ,  is  
s i g n i f i c a n t  i n  many r e s p e c t s .  It approaches te rmina l  a r e a  a i r  t r a f f i c  
c o n t r o l  as not  merely a combination of procedures and hardware, bu t  
as a complex system involv ing  a l s o  people,  a i r c r a f t ,  and a i r p o r t s .  It 
a l s o  proposes a genera l ized  model which may be used t o  determine t h e  
impact of any c h a r a c t e r i s t i c  upon te rmina l  area ope ra t ion  t i m e .  
It is hoped t h a t  t h e  fol lowing r e p o r t  w i l l  a i d  both t h e  systems 
des ign  engineer  looking a t  t h e  o v e r a l l  problems a s soc ia t ed  wi th  f u t u r e  
a i r  t r a f f i c  c o n t r o l  systems and also t h e  component engineer  looking a t  
a s i n g l e  aspect of  t h e  system. 
E m i l  S t e inha rd t  
Program Di rec to r  and 
Assoc ia te  Professor  
West Vi rg in i a  Un ive r s i ty  
V i  
ORGANIZATION 
The 1970 NASA-West V i rg in i a  Un ive r s i ty  Summer Pre-Doctoral  
Fellowship Program w a s  a group e f f o r t  concerned wi th  a i r  t e rmina l  
systems design.  The program w a s  organized i n t o  t h e  fol lowing t h r e e  
phases: 
1 In t roductory  Work 
2. Research and Pre l iminary  Design 
3 ,  F i n a l  Design and Report  
The f i r s t  phase, covering t h e  i n i t i a l  two weeks of t he  e leven  week 
program, was devoted t o  de f in ing  a p a r t i c u l a r  problem a r e a  which would 
be inves t iga t ed  and t o  examining methods of  approaching t h i s  problem. 
Once t h e s e  a spec t s  were completed, t h e  members d iv ided  themselves i n t o  
the  fol lowing t h r e e  groups: 
1. A i r c r a f t  Group 
2 .  
3 .  Simulat ion Group 
A i r  T r a f f i c  Control  Procedures and Hardware Group 
Each group had t h e  r e s p o n s i b i l i t y  of f u l f i l l i n g  i t s  own goals  as 
w e l l  as meeting t h e  i n t e r f a c e s  e s t a b l i s h e d  wi th  t h e  o the r  two groups,  
Coordinat ion w i t h i n  t h e  groups w a s  c a r r i e d  on by elected group l eade r s ,  
and coord ina t ion  between the  groups w a s  conducted by t h e  p r o j e c t  manager 
who a l s o  w a s  e l e c t e d .  
The second phase, l a s t i n g  f i v e  weeks, w a s  spent  p r imar i ly  on research .  
The p a r t i c i p a n t s  were g r e a t l y  a ided dur ing  t h i s  phase of t he  program by 
t h e  backgroud l e c t u r e s  provided by members of  t h e  Langley Research Center  
s t a f f  as w e l l  as by expe r t s  from indus t ry  and government agencies .  A t  
t he  end of t h i s  phase, two pre l iminary  b r i e f i n g s  were given,  one a t  
v i i  
Langley Research Center  and t h e  o t h e r  a t  t h e  Federa l  Avia t ion  Administra- 
t i o n  i n  Washington, D.C .  These p re sen ta t ions  were made not  on ly  t o  
d i s p l a y  t h e  r e s u l t s  which had been obtained a t  t h i s  po in t ,  bu t  more 
impor tan t ly  t o  a s c e r t a i n  t h e  comments and c r i t i c i sms  of  t h e  audience.  
The ideas  and improvements which were developed as a r e s u l t  o f  t h e i r  
remarks were then  incorporated i n t o  t h i s  f i n a l  r e p o r t .  
The t h i r d  phase, covering t h e  f i n a l  four  weeks, began wi th  t h e  
e l e c t i o n  of a new p r o j e c t  manager and new group leaders.. 
t a s k  now w a s  t o  organize  a l l  t h e  mater ia l  h e r e t o f o r e  used, d r a w  
conclus ions ,  and i n t e g r a t e  t h i s  information i n t o  t h e  f i n a l  r e p o r t .  The 
program concluded wi th  a f i n a l  p re sen ta t ion  a t  t h e  Langley Research 
Center .  
The primary 
V i i i  
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INTRODUCTION 
The des ign  of a n  A i r  T r a f f i c  Control  System f o r  t h e  next  t h i r t y  
years  has  been c a l l e d  "engineer ing ' s  g r e a t e s t  cha l lenge  f o r  t h e  next  
decade."' A i r  t r a f f i c  congest ion i s  a growing problem a t  te rmina l  
a i r p o r t  f a c i l i t i e s ,  p a r t i c u l a r l y  i n  l a r g e  met ropol i tan  a r e a s ,  In-  
s u f f i c i e n t  a f r p o r t  capac i ty  dur ing  peak t r a f f i c  per iods has  r e s u l t e d  i n  
prolonged de lays ,  d e l i b e r a t e  work slowdowns, overeaxed equipment causing 
frequent  f a i l u r e s ,  and numerous repor ted  near midair  c o l l i s i o n s ,  I n  
add i t ion ,  a v i a t i o n  a c t i v i t y  is predic ted  t o  a t  l e a s t  double by 1980 and 
t o  double a g a i a  by 1995. A problem such as t h i s  w i l l  not  be solved by 
any s i n g l e  group; t h e  s o l u t i o n  w i l l  come from t h e  combination of  many 
des ign  t e a m s ,  each us ing  po r t ions  of  e a r l i e r  s t u d i e s  and adding c o n t r i -  
bu t ions  of  t h e i r  own, This  w a s  t h e  approach taken  by t h i s  group, 
Severa l  s t u d i e s  e x i s t  which provide good backgroud f o r  t h e  a i r  
t r a f f i c  c o n t r o l  problem, Among t h e s e  a r e  t h e  "Report of rhe  Department 
of  T ranspor t a t ion  A i r  T r a f f i c  Con%rol Advisory Committee"' and t h e  
"Report o f  t h e  Transpor ta t ion  Workshop, A i r  Pransportapion 1975 and 
Beyond."' 
of t hese  two s t u d i e s .  4 ' 5  T h i s  s tudy w i l l  extend t h e s e  two repor%s by 
concen t r a t ing  on a s p e c i f i c  subsystem of  t h e  e o t a l  a i r  t r a n s p o r t a t i o n  
system. 
Already, many groups have at tempted t o  extend khe r e s u l t s  
The a r e a  of  concen t r a t ion  chosen w a s  t h e  a i r  t r a f f i c  c o n t r o l  
system f o r  t h e  te rmina l  area, This w a s  s e l e c t e d  because i t  is  one of 
t he  most c r i t i c a l  p a r t s  of t h e  t o t a l  a i r  t r a n s p o r t a t i o n  system, The 
f i n a l  approach and t h e  runway are  the  bo t t l enecks  of t oday ' s  system 
1 
and w i l l  cont inue t o  be f o r  t he  f u t u r e  system. The a i r  t r a f f i c  c o n t r o l  
system a l s o  has  a l l  t h e  aspects of  a "systems design" problem. Many 
d i v e r s e  a r e a s  must be surveyed and some of t h e s e  areas must be looked 
a t  i n  depth.  One must des ign  t h i s  system wi th  emphasis on t h e  i n t e r -  
a c t i o n s  among t h e  va r ious  components t o  i n s u r e  t h a t  t h e  t o t a l  system 
works proper ly .  
To a t t a c k  t h e  problem, t h e  p r o j e c t  w a s  d iv ided  among t h r e e  smaller 
groups and a primary r e s p o n s i b i l i t y  w a s  ass igned  t o  each. 
groups w e r e  t h e  A i r c r a f t  Group, t h e  Simulat ion Group, and t h e  A i r  
T r a f f i c  Control  Procedures and Hardware Group. The r e s p o n s i b i l i t y  of  
t h e  A i r c r a f t  Group w a s  t o  determine t h e  demand and te rmina l  area per?- 
formance c h a r a c t e r i s t i c s  o f  a i r c r a f t  now through the  year  2000. The 
A i r c r a f t  Group would look a t  t oday ' s  demand and types of a i r c r a f t  and 
e x t r a p o l a t e  t h i s  d a t a  t o  t h e  year  2000. With t h i s  input  d a t a ,  t h e  
o the r  two groups could des ign  an  A i r  T r a f f i c  Control  System f o r  t h e  
f u t u r e  
The t h r e e  
The r e s p o n s i b i l i t y  of t h e  A i r  T r a f f i c  Control  Group was t o  develop 
a i r  t r a f f i c  c o n t r o l  methods, t akeoff  and landing  c r i t e r i a  and a i r  
c o l l i s i o n  avoidance procedures and hardware t o  minimize, s a f e l y  and 
economically,  t e rmina l  area ope ra t ion  t i m e  f o r  t h e  year  2000. A s  a 
s t a r t ,  t h i s  group had t o  become expe r t s  i n  today ' s  a i r  t r a f f i c  c o n t r o l  
procedures and hardware. With t h i s  background, t h e  a i r  t r a f f i c  c o n t r o l  
group cougd formulate  the  procedure and hardware which would be needed 
f o r  t h e  demand and type  of a i r c r a f t  p red ic t ed  f o r  t h e  year  2000. 
The r e s p o n s i b i l i t y  of  t h e  Simulat ion Group was t o  develop a simula- 
t i o n  model f o r  te rmina l  area ope ra t ions  f o r  t h e  present  day system and 
2 
f d r  t h e  f u t u r e  system. A good working model w a s  necessary t o  t es t  t h e  
procedures developed by t h e  A i r  T r a f f i c  Control  Group. A model would 
a l s o  a l low t rade-of f  s t u d i e s  such as new runways versus  new a i r p o r t s  
o r  s t r a i g h t - i n  approaches ve r sus  curved approaches.  Thus, a model w a s  
needed t o  eva lua te  t h e  o v e r a l l  work of  t h e  o t h e r  groups,  
Each group had a primary r e s p o n s i b i l i t y ,  bu t  they a l s o  had t h e  
r e s p o n s i b i l i t y  of  working toge the r  i n  order  t o  make a c o n t r i b u t i o n  t o  
the  t o t a l  a i r  t r a f f i c  c o n t r o l  problem, The A i r c r a f t  Group would fu rn i sh  
demand and a i r c r a f t  c h a r a c t e r i s t i c s  t o  t h e  A i r  T r a f f i c  Congrol Group, 
The A i r  T r a f f i c  Cont ro l  Group would f u r n i s h  procedure and hardware 
c h a r a c t e r i s t i c s  t o  t h e  Simulat ion Group. The Simulat ion Group would 
t e s t  t h e s e  procedures and hardware c h a r a c t e r i s t i c s  and make recomenda-  
t i o n s  t o  t h e  o t h e r  two groups.  @ i t h  t h i s  type  of group r e l a t i o n s h i p s  
t h e  des ign  of an  a i r  t r a f f i c  c o n t r o l  system f o r  t h e  year  2000 w a s  
c a r r i e d  ou t .  
3 
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DENAND AND PERFORMACE CHARACTERISTICS 
PQR AERCRaPT NOW THROUGH THE 
YEAR 2000 
2 1 1,NTRBDUCTION 
I n  o r d e r  t o  develop an  a i r  t r a f f i c  e o n t r o l  system f o r  t he  yea r  
2000, it i s  necessary t o  have a n  idea  of t h e  te rmina l  a r e a  performance 
c h a r a e t e r f s t i c s  of t h e  a i r c r a f t  which w i l l  then  be i n  se rv i ce .  Also,  
it i s  necessary t o  know approximately how many and of  what type t h e  
a i r c r a f t  will be, In t h i s  regard ,  four  a r e a s  were inves t iga t ed :  
1, A i r c r a f t  i n  s e r v i c e  
( e spec ia l ly  a i r  c a r r i e r  and cargo a i r c r a f t )  a r e  
d i r e c t  r e f l e c t i o n s  of t h e  demand f o r  a i r  t r a n s -  
po r t a t ion .  Demand was not  pursued as an  end i n  
i t s e l f  bu t  r a t h e r  as a means t o  determine t h e  
type  and number of a i r c r a f t  i n  s e r v i e e  i n  t h e  
year  2000, 
2 ,  A i r c r a f t  F l e e t ,  The number and types  of a i r c r a f t  
f o r  t h e  year  2000 were determined us ing  t h e  pas- 
senger  and cargo demand d a t a ,  
3 ,  Wire ra f t  Performance, _~ This  a rea  included t h e  respon- 
s i b i l f t y  of determining the  te rmina l  area charac- 
t e r i s t i e s  o f  p re sen t  and f u t u r e  a i r c r a f t .  
4 .  Wake Vor t i ces ,  Although this area of  s tudy  does not  
f a l l  p r e c i s e l y  i n t o  t h e  realm of a i r c r a f t  perform- 
anee,  it w a s  decided t o  i n v e s t i g a t e  t h i s  important 
pro b 1 e m  ., 
The approaches taken  and r e s u l t s  obtained i n  t h e  above four  areas 
are  presented in this chap te r ,  
2,2 DEMAND THROUGH THE YEAR 2000 
While some p r o j e c t i o n s  of t h e  t o t a l  a i r c r a f t  f l e e t  of t he  f u t u r e  
have been made, very  l i t t l e  work has been done i n  t h e  a r e a  of p r o j e c t i n g  
t h e  number of a i r c r a f t ,  by type ,  t h a t  w i l l  be i n  s e r v i c e  i n  t h e  year  
2000. Since t h i s  information was requi red  t o  s tudy  t h e  e f f e c t i v e n e s s  
o f  t he  a i r  t r a f f i c  c o n t r o l  procedures t h a t  have been proposed f o r  t h e  
f u t u r e ,  a technique f o r  p r e d i c t i n g  t h e  number of  f u t u r e  a i r c r a f t  has  
been developed t h a t  depends on p r o j e c t i o n s  of  passenger enplanements 
and cargo ton-miles p lus  c e r t a i n  assumptions regard ing  the  c h a r a c t e r i s t i c s  
of t h e  a i r - c r a f t .  Thus, t h e  fol lowing p ro jec t ions  are  p r e r e q u i s i t e  t o  
t h e  de te rmina t ion  of t h e  passenger and cargo a i r c r a f t  f l e e t s  f o r  t h e  
year  2000. 
Passenger Demand 
Severa l  p r o j e c t i o n s  of passenger demand and passenger enplanements 
have been made f o r  t h e  per iod 1980-1985, bu t  due t o  t h e  many v a r i a b l e s  
involved very l i t t l e  work has  been done beyond 1985. For t h e  purpose 
of t h i s  r e p o r t  it w a s  decided t o  use  passenger enplanements r a t h e r  than  
passenger demand s i n c e  t h i s  i s  more d i r e c t l y  r e l a t e d  t o  a i r c r a f t  depar- 
t u r e s  and thus  t h e  s i z e  of t h e  a i r c r a f t  f l e e t ,  I n  o rde r  t o  determine 
enplanements through t h e  year  2000 t h e  Federa l  Avia t ion  Adminis t ra t ion  
p r o j e c t i o n  through 1981 was accepted as t h e  b e s t  a v a i l a b l e  d a t a ,  This 
da t a  w a s  then  ex t r apo la t ed  us ing  t h e  fol lowing assumptions: 
1 
1, 10% annual i nc rease  through 1985 
2.  5% annual i nc rease  from 1985 through 1995 
3 .  10% annual i nc rease  from 1995 through 2000 
The r e s u l t s  of  t h i s  e x t r a p o l a t i o n  a r e  shown i n  F igure  2 , l .  
The above assumptions have been based on t h e  b e l i e f  t h a t  p re sen t ly  
proposed improvements, i f  implemented on schedule ,  and the  in t roduc t ion  
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Figure 2 . 1  Passenger enplanements 
w i l l  provide a s u f f i c i e n t  i nc rease  i n  t h e  system's  capac i ty  t o  accomodate 
the  r a p i d l y  inc reas ing  passenger demand through 1985 without  a s i g n i f i -  
can t  i nc rease  i n  present-day congest ion.  However, by 1985 s a t u r a t i o n  
w i l l  s t a r t  t o  l i m i t  t h e  number of  ope ra t ions  p e r  day and improvements 
w i l l  no t  be r ap id  enough t o  keep up with demand. This b e l i e f  i s  r e f l e c t e d  
i n  t h e  r educ t ion  from 10% t o  5% annual i nc rease  i n  passenger enplanements 
from 1985 through 1995. During t h i s  ten-year  per iod t h e r e  w i l l  be 
improvements i n  a i r  t r a f f i c  c o n t r o l  equipment, p r imar i ly  i n  t h e  a r e a  of 
computerized ope ra t ions ,  However, t h e  main f a c t o r  a f f e c t i n g  t h e  system's  
a b i l i t y  t o  handle  t h e  inc reas ing  demand w i l l  be the  in t roduc t ion  of STOL 
and VTOL s e r v i c e  on a l a r g e  s c a l e  b a s i s  and ope ra t ing  from separate 
s t o l p o r t s  i n  downtown l o c a t i o n s ,  The above improvements, p lus  f u t u r e  
medium and long range a i r c r a f t  t h a t  seat approximately 1000 passengers ,  
w i l l  a l low t h e  system t o  handle  t h e  inc rease  i n  t r a f f i c  from 1995 
through 2000. 
Cargo Demand 
Before a t tempt ing  any p ro jec t ions  of a i r  cargo demand, it should 
be noted t h a t  a d e a r t h  of d a t a  e x i s t s  f o r  t h e  a i r  cargo f l e e t .  
r e s u l t ,  p ro jec ted  cargo demand can  be nea r ly  anything t o  prove nea r ly  
any po in t .  Considerable  va;lue judgement, based on conve r sa t ions  wi th  
va r ious  a v i a t i o n  o f f i c i a l s ,  has  been used i r )  a r r i v i n g  a t  t h e  f i n a l  
r e s u l t s .  This  i s  not  meant as a c r i t i c i sm of t h e  f i n a l  numbers: i t  i s  
intended a s  a guide such t h a t  t h e  conclusions may be placed i n  
pe r spec t ive ,  
A s  a 
The b a s i s  f o r  t h e  year  2000 p ro jec t ions  has  been t h e  Lockheed- 
Georgia Report CMRS 99 2 which pro jec ted  cargo demand t o  t h e  year  1985. 
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Lockheed-Georgia has  done cons iderable  work i n  t h e  area of  ca.rgo demand. 
Furthermore,  t h e  1985 p ro jec t ions  o f  t h e  Lockheed r epor t  a r e  approximately 
an  average of t h e  o t h e r  1985 p ro jec t ions  t h a t  were a v a i l a b l e ,  
The Lockheed p ro jec t ions  were broken down i n t o  two major sub- 
d i v i s i o n s ,  b e l l y  cargo and a l l - c a r g o  a i r c r a f t .  Be l ly  cargo r e f e r s  t o  
t h e  cargo c a r r i e d  by passenger a i r c r a f t ;  a l l - c a r g o  r e f e r s  t o  a i r -  
c r a f t  c a r r y i n g  cargo exc lus ive ly ,  The a l l - c a r g o  a i r c r a f t  were f u r t h e r  
subdivided i n t o  l a r g e  j e t ,  medium j e t ,  and s m a l l  j e t .  The a i r c r a f t  
a r e  synonymous wi th  range and payload: l a r g e  j e t  corresponds t o  a i r  
c r a f t  w i th  a range g r e a t e r  than  2500 m i l e s ,  medium j e t  r e f e r s  t o  a i r -  
c r a f t  w i th  a range 1500 t o  2500 m i l e s ,  and s m a l l  j e t s  a re  a i r c r a f t  wi th  
a range l e s e  than  1500 mi les .  These 1985 p ro jec t ions  have been extended 
t o  the  yea r  2080, The ton-mile cargo demand has  been pro jec ted  f o r  both 
domestic and i n t e r n a t i o n a l  cargo.  This  p r o j e c t i o n  has assumed f o r  t h e  
time i n t e r v a l  1985-2000 a 17% annual growth ra te  i n  domestic cargo ,  and 
a 13% annual  growth ra te  i n  i n t e r n a t i o n a l  cargo.  This has  y ie lded  a 
15.5% annual  growth r a t e  f o r  t h e  t o t a l  cargo demand, and i s  i l l u s t r a t e d  
i n  F igure  2 .2 .  The 1985 base and t h e  year  2000 p ro jec t ions  a r e  i l l u s t r a t e d  
i n  Table 2 , l .  
To determine t h e  amount of cargo c a r r i e d  by a type of  a i r c r a f t  over 
a given d i s t a n c e ,  a ma t r ix  has  been developed us ing  t h e  type of a i r c r a f t  
versus  i t s  range. The elements of t h e  ma t r ix  r ep resen t  t h e  percentage 
of t o t a l - m i l e s  of  cargo f o r  a given a i r c r a f t  a t  a given range,  Note 
t h a t  t h e  mat r ix  assumes four  types of cargo a i r c r a f t :  s h o r t  hau l  j e t ,  
medium j e t ,  747 j e t ,  and t r anson ic  t r a n s p o r t  (TST), These types w i l l  
be d iscussed  l a t e r  i n  t h e  a i r c r a f t  s e c t i o n  (Sec t ion  2 . 3 ) .  The matrices 
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Figure 2.2 Cargo demand. 
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TABLE 2 .1  MRIXAN A I R  CARRIER CARGO DEMAND 1985 - 2000 
A I R  CARGO DEMAND 
MILLION OF %-OF ANNUAL MILLION OF % OF 
TON MILES 1985 GROWTH TON MILES 2000 
1985 TOTAL RATE 2000 TOTAL 
To ta 1 26,852 100 12.9 166,482 100.0 
B e l l y  2,213 8 .2  0 .9  1 ,665  1.0 
1. Over 2500 m i l e s  23,362 87.0 1 3 , 7  162,320 97.5 
2 .  1500 - 2500 m i .  65 9 2.5 6.7 1 , 665 1 .0  
A l l  Cargo 24,639 91.8 13.4 164,817 99.0 
3. 0 - 1500 m i l e s  618 2 .3  1 . 7  832 0 .5  
DOMESTIC A I R  CARGO DENAND 
MILLION OF % OF ANNUAL MILLION O F  % OF 
TON MILES 1985 GROWTH TON MILES 2000 
1985 TOTAL RATE 2000 TOTAL 
T o t a l  41,000 100 17.0 434,600 100.0 
B e l l y  3 ,463 8.4 1 . 5  4,346 1.0 
A l l  Cargo 37,537 91.6 17.6 430,254 99.0 
1. Over 2500 m i l e s  33,406 81.5 18.4 412,870 95.0 
2 .  1500 - 2500 m i .  1 ,879 4 .6  1 3 , 6  13 038 33 .0  
3 .  0 - 1500 m i l e s  2,252 5 .5  4 .5  4 ,346  1 . 0  
TOTAL AIR CARGO DEMAND 
MILLION OF % OF 











T o t a l  67,852 100 
B e l l y  5,676 8.4 
A l l  Cargo 62,176 91.6 
1. Over 2500 m i l e s  56,768 83.7 
2. 1500 - 2500 m i .  2,538 3 - 7  
3. 0 - 1500 m i l e s  2 ,870 4 .2  
15 .5  
1 
16.4 
16 .8  
12 .6  
3.9 
601,082 




5 ,178  
100.0 
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TABLE 2.2 
YEAR 2000 CARGO MATRIX 
AIRCRAFT TYPE AND RANGE 
(PERCENTAGE OF TON-MILES OF CARGO) 
INTERNATIONAL 
R a n g e  (Miles) 
TYPE 0-500 500-1000 1000-I500 1500-2500 2500 
VSTCYL 0 0 0 0 '  0 
J e t  4,5% 10% 22.5% 0 0 
Medium J e t  a 5% 10% 45.0% 10 0 0% 0 
747 Je t  0 0 7.5% 80,0% 10.0% 
T.S .T .  0 0 0 10,0% 90 * 0% 
S.S .T .  0 0 0 0 0 
S h o r t  H a u l  
T o t a l  Per-  
centage 5.0% 20 e 0% 75 e 0% 100 * 0% 100 0 0% 
100% 
R a n g e  (Miles) 
TYPE 0-500 500-1000 1000-1500 1500-2500 2500 
VSTOL 0 0 0 0 0 
S h o r t  H a u l  
J e t  4.5% 12 5% 28% e 0 
Medium J e t  0 5% 12.5% 4 2% - 10% 0 
747 J e t  0 0 0 7 0% 40% 
T . S , T .  0 0 





T o t a l  Per-  
100 0% 100 0 0% 
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Belly cargo has been  projected t o  be less chan 1% of the t o t a l  cargo (as 
seen i n  Figure 2.3) and t h i s  is  not included i n  the matrix. The t o t a l  
ton-miles by type and range of  i i r s r a f t  is obtained by multiplying the 
matrix elements by the t o t a l  projected ton-miles i n  each range (0-1500, 
1500-2500, > 2500) 
a given range, and is shown i n  Table 2 . 3 .  
This gives the ton-miles pe r  a i r c r a f t  operating a t  
2.3 AIPCRAPT PROJECTIONS FOR THE YEAR 2000 
In  the year  2000, the a i r c r a f t  f l e e t  is expected not only t o  be 
la rger ,  but a l s o  t o  cons is t  o f  a i r c r a f t  with cha rac t e r i s t i c s  q u i t e  
d i f f e ren t  from those i n  serv ice  today. Jumbo jets w i l l  double i n  s i z e  
and VTOL a i r c r a f t  and supersonic transpor '  : w i l l  came Fnto service. A 
large number of cargo a i r c r a f t  w i l l  be devefoped t o  handle the  rapidly 
increasing demand f o r  a i r  cargo. 
w i l l  r a p i d l y  increase i n  s i ze ,  
In  addi t ion  the general  av ia t ion  f l e e t  
- Gc-eral Aviation 
Although general  av ia t ion  is  not a passeager o r  cargo serv ice  it 
does comprise a s izeablc  port ion of the  a i r  t r a f f i c  i n  the terminal a r e a ,  
In  addi t ion  t h i s  segment of a i r  t r a f f i c  i s  very d i f f i c u l t  t o  control  
s ince most general av ia t ion  a i r c r a f t  a r e  not equipped fo r  IFR conditions.  
Therefore, sofile estimate of the s i z e  of the  general  av ia t ion  f l e - t  was 
necessary before recommendations, such as segregated airspace or  
separate  runways could be mad?. 
The t o t a l  number of a i r c r a f t  i n  the general  av ia t ion  f l e e t ,  a s  well 
as the number of a i r c r a f t  i n  each of ten  spec i f i c  general  av ia t ion  






















A l l -  cargo 
B e l l y  cargo 
19 50 1960 197c 1980 1990 2000 
Year 
F i g n e  2.3.- Belly cargo versus a11 cargo service. 
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TABLE 2 .3  YEAR 2000 CARGO MATRIX 
(MILLIONS OF TON-MILES OF CARGO) 
AIRCRAFT TYPE AND RANGE 
INTERNATIONAL 
R a n g e  ( m i l e s )  
TYPE 0- 500 500-1000 1000- 1500 1500-2500 2500 
VSTOL 0 0 0 0 0 
S h o r t  H a u l  
J e t  37 83 188 0 0 
Medium J e t  4 83  374 166 0 
747 J e t  0 0 63 1333 16232 
T . S . T .  0 0 0 166 146088 
S . S . T .  0 0 0 0 0 
T o t a l  41 166 625 1665 162320 
DOMESTIC 
R a n g e  ( m i l e s )  
TYPE 0-500 500-1000 1000-1500 1500-2500 2500 
VSTOL 0 0 0 0 0 
Shor t  H a u l  
J e t  196 54 3 1217 0 0 
Medium Je t  22 54 3 1825 1304 0 
747 J e t  0 0 0 9127 165148 
T . S . T .  0 0 0 2607 247722 
S . S . T .  0 0 0 0 0 
T o t a l  218 1086 3042 13038 412870 
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w a s  t h a t  genera l  a v i a t i o n  would be allowed t o  grow unconstrained i n  t h e  
f u t u r e  as it  has  i n  t h e  p a s t .  
To ta l  F l e e t  S i ze  
Of t h e  t h r e e  sources19 3 ,  used f o r  t h e  p r o j e c t i o n  of t h e  genera l  
a v i a t i o n  f l e e t  t he  Speas'  Analysis  was considered t h e  most ex tens ive  
and t h e r e f o r e  t h e  most real is t ic  p red ic t ion .  Severa l  p r e d i c t i o n  
methods were t r i e d  by t h e  Speas'  Assoc ia tes  and it w a s  found t h a t  Gross 
Nat iona l  Product was, i n  f a c t ,  t h e  b e s t  p r e d i c t o r  of t h e  f l e e t  s i z e  (See 
F igure  2.4) ,  
The equat ion  u l t i m a t e l y  developed and adopted f o r  Speas '  f o r e c a s t  
of t h e  genera l  a v i a t i o n  f l e e t  con ta ins  t h e  important refinement of time 
l ag .  It w a s  shown t h a t  t h e  b e s t  c o r r e l a t i o n  r e s u l t s  when a one-year 
time l a g  i s  introduced between measuring t h e  GNP and measuring the  f l e e t  
s i z e .  That i s ,  t h e  1953 GNP b e s t  exp la ins  t h e  1954 f l e e t .  An a d d i t i o n a l  
refinement which w a s  incorporated i n  t h e  model was t h e  discovery t h a t  
t h e  use  of GNP i n  c u r r e n t  d o l l a r s  y ie lded  s i g n i f i c a n t l y  b e t t e r  r e s u l t s  
than  us ing  cons t an t  d o l l a r s ,  The equat ion  developed i s  a s  fol lows:  
Y = 7.14 + .142X 
The va lue  of t h e  GNP ( X  i n  t h e  equat ion)  i s  i n  b i l l i o n s  of c u r r e n t  
d o l l a r s  and t h e  r e s u l t i n g  estimate of t h e  f l e e t  (Y i n  t he  equa t ion ) ,  
i s  i n  thousands of " e l i g i b l e "  a i r c r a f t  + 
'The FAA does not  inc lude  i n  i t s  number of " e l i g i b l e "  a i r c r a f t  under a 
continuous maintenance program, a i r c r a f t  whose annual i n spec t ion  r e p o r t s  
are  delayed o r  mis-routed, and a i r c r a f t  whose e l i g i b i l i t y  l apses  (even 
though it may only be f o r  a s h o r t  per iod of t i m e ) .  The Speas'  asso-  
c ia tes  contend t h a t  t hese  a i r c r a f t  should be counted and thus  come up 
wi th  a number of "act ive" a i r c r a f t  which t u r n s  out  t o  be about  6 .8  












Computed Trend Line 
Y = 7.14 + .142x 
Note: Trend l i n e  i s  based 
on va lues  of t h e  GNP f o r  
t h e  yea r  N and va lues  of 
t h e  a c t i v e  f l e e t  f o r  t h e  
year  "(N + ,)If. 
/ 
/ 
300 400 500 600 700 800 
GROSS NATIONAL PRODUCT 
( B i l l i o n s  of Curren t  Do l l a r s )  
F igure  2.4 COMPARISON OF ACTUAL AND COMPUTED 
GENERAL AVIATION AIRCRAFT 1953-1957 
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Speas adopted t h i s  equat ion  i n  preference  t o  s e v e r a l  o t h e r  acceptab le  
ones because it proved very accu ra t e ,  arid w a s  completely i n  keeping with 
economic theory.  It i s  a s i m p l e  s t a t i s t i c a l  equat ion  and a l l  of t h e  
s t a t i s t i c a l  tes ts  normally appl ied  t o  a n a l y s i s  of t h i s  type y ie lded  
accep tab le  va lues .  The d i f f e r e n c e s  between t h e  a c t u a l  h i s t o r i c a l  f l e e t  
s i z e  and t h e  s i z e  as est imated by t h e  equat ion  were very  low, sugges t ing  
no apparent  p a t t e r n  o the r  than  a l i n e a r  r e l a t i o n s h i p .  
F igure  2 # 4  demonstrates t he  c loseness  of  t h e  f i t  between the  va lues  
forecas ted  by t h e  equat ion  and t h e  a c t u a l  va lues .  
The preceding equat ion  was modified by t h e  a p p l i c a t i o n  of a 6 .8  
perc.ent f a c t o r  t o  account f o r  t h e  d i f f e r e n c e  between t h e  number of  FAA 
s 1 i g  i b  1 err a i r  c ra f t and t h e  numb e r o f " a c t  ive" a i r c  r a  f t d e t  ermined by 
Speas'  Analysis .  This  modi f ica t ion  r e s u l t s  i n  the  f i n a l  equat ion  
Y = 1.068 (7.14 + .142X) ,  
where Y now i s  i n  thousands of "ac t ive"  a i r c r a f t .  
The GNP f o r e c a s t  and t h e  corresponding f o r e c a s t  o f  t h e  genera l  
a v i a t i o n  f l e e t  (along with t h e  ATCAC4 and FAA' fo recas t s )  a r e  shown i n  
F igures  2.5 and 2.6 r e spec t ive ly .  
L i s t e d  i n  Table 2.4 are  t h e  pred ic ted  GNP and genera l  a v i a t i o n  f l e e t  
s i z e  from now through 2000. 
It i s  important t o  note  once aga in  t h a t  t hese  p ro jec t ions  
a r e  based on t h e  assumption t h a t  no new m a t e r i a l  c o n s t r a i n t s  
on t h e  growth of General Avia t ion  w i l l  develop. 
dur ing  1969 s e v e r a l  developments have tended t o  l i m i t  t h e  demand 
f o r  General Avia t ion  s e r v i c e s .  An even g r e a t e r  number o f  l i m i t a -  
t i o n s  a r e  expected before  c o r r e c t i v e  a c t i o n  can be i n f l u e n t i a l  
i n  r eve r s ing  t h i s  t rend  a t  s e v e r a l  of t h e  major U.S. a i r  t r a n s -  
p o r t a t i o n  hubs 
p o t e n t i a l  demand, given t h e  d i s c r e t i o n a r y  spending d e s i r e s  of 
i nd iv idua l s  and t h e  recognized u t i l i t y  o f  genera l  a v i a t i o n  t o  
I n  f a c t ,  however, 
Again, i n  t h i s  sense ,  t h e  f o r e c a s t s  a r e  a p r o j e c t i o n  o f  
















Source: McGraw-Hill Study 
"The American Economy 
Prospec ts  For Growth Through 
1982. 
Figure 2.5 FORECAST OF U: s. GROSS NATIONAL PRODUcll 
0 
1968 1972 1976 1980 





















GROSS NATIONAL PRODUCT AND GENERAL AVIATION 
FLEET POPULATION 
-ACTUAL AND FORECAST- 
GNP 
B i l l i o n s  of 
Curren t  




419.2 .  












Popula t ion  of t h e  
General Avia t ion  F l e e t  
SPEAS Est imate  
Data FAAb and Forecast '  
E l i g i b l e  a . c .  Act ive  a.c.  
61,290 
58,790 
62 , 886 
66,520 
67 , 839 
68,727 
76,550 
80 , 632 
84 , 121 
85 , 088 
88 , 742 
95,442 
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885.3 136 , 000 




1200.0 181 , 000 




1444 a 5 216,000 
1539.2 229,000 
244 000 1640.8 
1749.7 260 , 000 
2400.0 375 , 000 




700 , 000 
a~~~ f o r e c a s t  inc ludes  2% i n f l a t i o n  i n  t h e  genera l  economy. 
bFAA repor ted  s t a t i s t i c s .  
CBased on SPEAS adjustment of base year  d a t a  f o r  1967 and a 1-year  t i m e  
dPro jec t ions  f o r  1985 and beyond a r e  an  e x t r a p o l a t i o n  of t h e  SPEAS a n a l y s i s  
l a g  c o r r e l a t i o n  between GNP and t h e  a c t i v e  f l e e t .  
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F l e e t  S i ze  By Category 
I n  t h e  preceding s e c t i o n ,  t h e  s i z e  of t h e  t o t a l  genera l  a v i a t i o n  
f l e e t  w a s  f o r e c a s t  through 2000. I n  add i t ion ,  an  a n a l y s i s  and evalu-  
a t i o n  w a s  undertaken t o  determine t h e  approximate s i z e  of t h e  fol lowing 
groups of a i r c r a f t  types  o r  c a t e g o r i e s  which comprise t h e  t o t a l  f l e e t  
( these  c a t e g o r i e s  are those  used by t h e  Speas'  a n a l y s i s ) :  
Rec iproca t ing  Engine 
1, S ing le  Engine, 1-3 p lace  
2. S ing le  Engine, 4 o r  more place 
3.  Multi-Engine, t o  12,500 pounds, t o  600 HP 
4 .  Multi-Engine, t o  12,500 pounds, over 600 HP 
5. Multi-Engine, over 12,500 pounds 
Turbine Engine 
6. Turboprop S ing le  and Multi-Engine, t o  12,500 pounds 
7 .  Turboprop S ing le  and Multi-Engine, over 12,500 pounds 
8.  Turbo-Jet 
Other 
9. Ro toc ra f t  
10. Unspecif ied ( g l i d e r s ,  blimps, e tc , )  
Although t h e  Speasf  Analysis  w a s  conducted only  through t h e  year  
1980, i t  i s  f e l t  t h a t  no radical  changes i n  gene ra l  a v i a t i o n  a i r c r a f t  
des ign  (and t h e r e f o r e  no r a d i c a l  change i n  a i r c r a f t  types)  w i l l  occur 
between 1980 and 2000, and t h a t  t h e  t r ends  p red ic t ed  through 1980 w i l l  
cont inue through t h e  year  2000. Although both assumptions may be 
somewhat erroneous ( e s p e c i a l l y  t h e  l a t t e r ) ,  Speas '  Analysis  seems t o  
be t h e  b e s t  a v a i l a b l e  s t a r t i n g  poin t  f o r  p r o j e c t i n g  the  genera l  a v i a t i o n  
f l e e t  f o r  t he  year  2000. 
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Two approaches have been used t o  p r e d i c t  t h e  number o f  a i r c ra f t  i n  
each genera l  a v i a t i o n  ca tegory  f o r  t h e  y e a r  2000. The f i r s t  approach 
w a s  t o  extend t h e  Speas'  p r e d i c t i o n  of t h e  number of a i r c r a f t  i n  each 
ca tegory  through 1980 on o u t  through 2000, Shown i n  F igures  2 . 7 ,  2.8, 
2.9, and 2.10 are t h e s e  extended p r e d i c t i o n s .  These p r e d i c t i o n s  were 
a d j u s t e d  so t h a t  they  t o t a l  700,000 t h e  p r o j e c t i o n  f o r  t h e  t o t a l  f l e e t ,  
bu t  y e t  r e t a i n  t h e i r  o r i g i n a l  percentage composition, The second approach 
w a s  t o  extend t h e  Speas'  p r e d i c t i o n s  of t h e  percent  o f  t h e  t o t a l  f l e e t  
each a i r c r a f t  type would comprise on through 2000 (Figures 2 . 1 1  and 2.12). 
The predic ted  percentages f o r  2000 were normalized and then  based on t h e  
normalized percentages and a n  assumed f l e e t  s i z e  o f  700,000, t h e  a i r -  
c r a f t  f l e e t  w a s  broken down by category.  The r e s u l t s  o f  both approaches 
are presented i n  Table 2.5,  Based on t h e  r e s u l t s  of t h e  previously 
mentioned approaches and f l e e t  s i z e  f o r  1980 predic ted  by Speas ' ,  t h e  
f l e e t  d i s t r i b u t i o n  f o r  2000 (Table 2,6) w a s  determined. 
Pas s e ng er A i r e  r a  f t 
To determine t h e  number o f  passenger a i r c r a f t  i n  s e r v i c e  a t  some 
f u t u r e  d a t e  us ing  t h e  passenger enplanement p r o j e c t i o n ,  t h e  fol lowing 
procedure h a s  been used: 
a. Assume a i r c r a f t  type  and c h a r a c t e r i s t i c s  
1. Capaci ty  
2.  Speed 
3 .  U t i l i z a t i o n  
4 .  Percent  o f  Market 
b. Determine number o f  enplanements by t r i p  l e n g t h  
c .  Determine enplanements per  d e p a r t u r e  
d. Determine d e p a r t u r e s  per a i r c r a f t  per day 
While t h i s  procedure w i l l  work f o r  any f u t u r e  d a t e ,  on ly  da ta  f o r  t h e  





























Figure 2.7.- General Aviation active fleet population (single-engine, reciprocating). 







. 5  
.2 
Tota l  
than  600 
Gross weight 
less than 
12,500 l b  
Gross weight 
ve r  12,500 l b  
,-.-,,Projected 
1950 1960 1970 1980 1990 2000 
Figure  2.8 General Avia t ion  a c t i v e  f l e e t  populat ion 
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Figure 2,9.- General Aviat ion a c t i v e  f l e e t  population 
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Figure 2.12.- Percentage composition of t o t a l  f l e e t  populat ion.  
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TABLE 2.5 
COMPARISON OF APPROACHES USED TO OBTAIN 
A GENERAL AVIATION FLEET FOR 2000 
First approach Second approach 
(Projected number) (Projected percentage) 
Single engine, 1-3 place 
Single engine, 4 place 
Multi-engine, to 12,500 lbs 
to 600 hp 
Multi-engine, to 12,500 lbs 
over 600 hp 
Multi-engine, over 12,500 lbs 
Turboprop single and multi- 
engine, to 12,500 l b s  
Turboprop single and multi- 
engine, over '12 ,500 lbs 
Turbo jet 
Ro tocra f t 




















PREDICTED GENERAL AVIATION FLEET 1967-2000 
1980 -1975 -1967>k 
Single  engine,  1 - 3  p lace  41 , 760 55,400 58,700 
Sing le  engine,  4 p l a c e  61,319 98 , 200 143 , 900 
Multi-engine,  t o  12,000 l b s  
t o  600 hp 10,423 19,500 26 , 000 
Multip-engine,;to 12,500 l b s  
over 600 hp 2,864 6 , 200 8,700 
Multi-engine,  over 12,500 l b s  1 , 222 800 500 
Turboprop s i n g l e  and mul t i -  
engine,  t o  12,500 l b s  ,475 2,400 4 , 800 
Turboprop s i n g l e  and mul t i -  
engine,  over 12,500 l b s  323 1,000 1 , 900 
Turbo j e t  787 2 , 600 4 , 900 
R o t o r c r a f t  1,875 4 ,200 8,700 
Unspecified o r  o t h e r  
(mainly g l i d e r s )  1,152 1,700 1 ,900 
122,200 192 , 000 260 , 000 
2000 -
80,000 
400 , 000 
56 , 000 
24 000 
500 
30 , 000 
9 , 000 
30 , 000 
70,000 
2,800 
702 , 300 
*Values ad jus t ed  t o  a c t i v e  f l e e t  
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The passenger a i r c r a f t  f o r  t h e  year  2000 have been divided i n t o  
four  c a t e g o r i e s ,  These are V/STOL, s h o r t  h a u l  j e t ,  t r anson ic  j e t  (TST), 
and SST. While each o f  t hese  c a t e g o r i e s  w i l l  c o n s i s t  o f  s e v e r a l  d i f f e r e n t  
types and s i z e s  of a i r c r a f t ,  it is  f e l t  t h a t  t h e  c a p a c i t i e s  and speeds 
chosen are r e p r e s e n t a t i v e  of t h e  average. Since V/STOL s e r v i c e  does 
not  e x i s t  today, i t  w a s  s tud ied  i n  d e t a i l  t o  determine i t s  f e a s i b i l i t y  
and i m p a c t  on a i r  t r a v e l  (See Appendix A). I n  a d d i t i o n  t o  t h e  a i r c r a f t  
types  and c h a r a c t e r i s t i c s ,  assumptions have been made as t o  t h e  percent  
of t h e  market and t h e  number of  enplanements per  depa r tu re  by t r i p  length  
f o r  each a i r c r a f t  type.  Th.is information i s  shown i n  Table 2.7 and i s  
based on t h e  fol lowing cond i t ions  e x i s t i n g  i n  t h e  year  2000: 
a. V/STOL w i l l  dominate t h e  shor t -haul  market,  e s p e c i a l l y  
t h e  no r theas t  c o r r i d o r  and o t h e r  reg ions  of high d e n s i t y  
populat ion.  
b.  SST w i l l  be  banned from overland supersonic  f l i g h t  
To determine t h e  enplanements p e r  day by t r i p  length ,  t he  t o t a l  
enplanement p r o j e c t i o n  has  been d iv ided  by 365 and a percentage by t r i p  
l eng th  app l i ed .  The percentages used were obta ined  by averaging t h e  
percentages publ ished by t h e  C i v i l  Aeronaut ics  Board f o r  t h e  yea r s  1961, 
1962, 1964, 1966, and 1968 5 y  6 9  7 ’  8’ and assuming t h a t  t hese  averages 
w i l l  remain e s s e n t i a l l y  cons t an t .  The a c t u a l  and average percentages 
and enplanements are  shown i n  Table 2.8. Table 2 .8  shows t h e  percentage 
f o r  0-500 m i l e s  dropping f o r  t h e  l a s t  few yea r s  whi le  t h e  percentages 
f o r  t h e  longer  t r i p  l eng ths  have increased .  This  lower percentage of 
sho r t -hau l  t r a f f i c  w i l l  probably cont inue  f o r  s e v e r a l  years .  By 2000, 
though, V/STOL a i r c r a f t  w i l l  have had such a n  impact on t h e  shor t -haul  
market t h a t  i t s  percentage of t h e  t o t a l  w i l l  be a t  l e a s t  51,4%. 
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TABLE 2.7 
AIRCRAFT CHARACTERISTICS FOR THE YEAR 2000 
I 
Percent of market Enplanements p e r  departure (%-#I 
A 6  Seats Speed 
I__ -- 
w ? e  (mph) 0- 500- POOO- 1500- over 0- 500- 1000- 1500- Over 
500 PO00 1500 2500 2500 500 l O Q O  'P500 2500 2500 -- ---- , 
Short Haul 
jet 65 0 585 30 90 10 0 0 50-325 40-260 30-195 e----- _ - _ o s _  
Transonic 
transport: 1000 650 0 20 80 60 10 o - _ p - _  30-300 88-300 60-40AQj 40-40,O 
S.S.T,  600 I800 0 0 PO 40 90 _oo--- ---_-- 35-23.0 50-300 60-360 
TABLE 2.8 ENPLANEMENTS PER DAY BY TRIP LENGTH 
Dis tance  1961 1962 1964 1966 1968 Average Enplane- 
(Miles) % % % % % ments f o r  
2000 (mlns) 
0-500 53 52.9 52.8 50.3 48.2 51.4 2.8356 
24.3 1 341 500-1000 23.7 23.9 23.9 24.6 25.6 
1000-1500 1 2 . 3  11.9 1 1 . 7  1 2 . 2  13.4 12.3 .6786 
1500-2500 9.5 9.9 10.1 1 1 . 2  11.1 10.4 .5738 
Over 2500 1.5 1.4 1 . 5  1 . 7  1 . 6  1 . 5  e 08277 
The number o f  depar tures  per  a i r c ra f t  per  day has  been determined 
on t h e  assumption o f  2000 hours  annual u t i l i z a t i o n  (5.5 hours  per  day). 
Using t h i s  wi th  t h e  a i r c r a f t ' s  c r u i s e  speed and a 30-minute pena l ty  per 
t r i p  f o r  ground t i m e  and t i m e  l o s t  during climb and descen t ,  t h e  
d e p a r t u r e s  per day have been c a l c u l a t e d  and appear i n  Table 2.9. 
With t h e  above information t h e  s i z e  o f  t h e  a i r  car r ie r  f l e e t  f o r  
t h e  year  2000 h a s  been determined and t h e  r e s u l t s  a re  shown i n  Table 
2.10. 
TABLE 2 .9  AIRCRAFT DEPARTURES PER DAY 
A i r c r a f t  Departures  
0-  500- 1000 - 1500 - Over 
500 1000 1500 2500 2500 
Short  Haul 
m e - -  _-_ -  Jet  4 . 1  2.5 1.8 
Future  
Jumbo Jet  e_-- 2 . 7  2.0 1 . 3  1.0 
SST ---- ---- 4 . 1  2.9 2.5 
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TABLE 2.10 
AIRCRAFT FOR THE YEAR 2000 
V/STOL SOH. J, T. S O T  S.S.T. 
Dist (0-500) 
ENPIDAY (2 a 8356) 1 985 0.851 
ENP/DEP 162 325 
DEP/DAY 12,253 2,618 
DEP/AC /DAY 3.9 4.1 
#A i rc  ra f t 3 e 142 639 
(500--1000) 
ENPIDAY (1 341) 0 ., 1341 0 e 9384 0 e 2681 
ENP/DEP 135 260 300 
DEP/DAY 993 3609 8 93 
DEP/AC/DAY 2.4 2.5 2.7 
#Air c ra f t 4 14 1444 331 
(lOOO--l500> 
ENPIDAY (too 6786) 
DEP/DAY 
DEP/AC/DAY 
#A i r c ra f t 
ENP/DEP 
0.06786 0,5429 0.06786 
195 300 210 
34 8 1809 323 
1.8 2.0 4,1 
194 905 79 
(0 - - 2 5 00) 




#Air c r a  f t 




663 2 64 
Dis t (0--3000) 








1.0  2.5 
2 1  83 
TOTAL 3556 2277 1920 426 
Percentage 43 47 27 83 23.47 5.21 
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Cargo A i r c r a f t  
Cargo payload f o r  t h e  year  2000 has  been pro jec ted  from a s tudy done 
by t h e  Aerospace I n d u s t r i e s  Assoc ia t ion  of America' '  (Figure 2 . 1 3 ) .  
Based on t h e s e  p r o j e c t i o n s  a lone ,  a cargo a i r c r a f t  wi th  a payload of  one 
m i l l i o n  pounds could be expected by t h e  year  2000. 
have a gross  weight of  between 2.5 and 4 .5  m i l l i o n  pounds (Figure 2.14) .  
An a i r c r a f t  weighing 4 .5  m i l l i o n  pounds was judged t o  be too  b ig .  
However, a n  a i r c r a f t  wi th  a payload capac i ty  of 600,000 pounds and a 
gross  weight of 1 . 5  t o  2 m i l l i o n  pounds was considered t o  be f e a s i b l e .  
This a i r c r a f t  i s  t h e  TST r e f e r r e d  t o  i n  t h e  Cargo Demand p ro jec t ion .  
A summary of  pro jec ted  a i r c r a f t  i s  shown below: 
This a i r c r a f t  would 
CARGO AIRCRAFT I N  THE YEAR 2000 
Short  Haul Je t  
Maximum Operating Range: 
Speed: 
Payload: 
A i r c r a f t  U t i l i z a t i o n :  
U t i l i z a t i o n  Fac tor :  
Medium Cargo Je t  
Maximum Operating Range: 
Speed: 
Payload: 
Aircra f t U t i l i z a t i o n :  
U t i l i z a t i o n  Factor :  
747 Type J e t  
Maximum Operat ing Range 
Speed: 
Payload: 
Aircra f t U t  il i z a  t ion: 
U t i  1 i z a t  i o  n Fac tor  
1500 m i l e s  
585 miles/hour  
77 tons  
2000 hours/year  
.go1 x 108 t on  m i l e s / a i r -  
c r a f t / y e a r s  
2500 m i l e s  
500 miles/hour  
100 tons  
2000 hours/year  
108 ton-miles /a i rcra  f t  /year  
Over 2500 m i l e s  
600 miles/hour  
150 tons  
2000 hours /year  
c r a f t / y e a r  
1.8 X 10 8 ton -mi l e s / a i r -  
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5 10 15 20 25 30 35 k, 45 50 
Gross w e i g h t  ( 100,000 lb ) 
Figure 2.14 e - Cargo payload trend 
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4 ,  Transonic Transport  
Maximum Operating Range: 
Speed: 
Payload: 
A i r c r a f t  U t i l i z a t i o n :  
U t i  1 i z a  t ion  Fac tor  : 
Over 2500 m i l e s  
650 miles/hour  
273 tons  
2000 hours/year  
3.55 x 108 ton -mi l e s / a i r -  
c r a f t i y e a r  
To determine t h e  a c t u a l  number of a l l - c a r g o  a i r c r a f t  a u t i l i z a t i o n  
f a c t o r  w a s  def ined .  The u t i l i z a t i o n  f a c t o r  i s  a measure of  a n  a i r c r a f t ' s  
cargo p o t e n t i a l .  It is  t h e  product of t h r e e  f a c t o r s ,  a i r c r a f t  payload, 
a i r c r a f t  u t i l i z a t i o n ,  and a i r c r a f t  speed, or :  
U t i l i z a t i o n  Fac to r  = ( A i r c r a f t  Payload) X ( A i r c r a f t  U t i l i z a t i o n )  X 
( A i r c r a f t  Speed) 
It has  t h e  dimensions of ton-miles  p e r  a i r c r a f t  p e r  yea r .  The u t i l i -  
z a t i o n  f a c t o r s  f o r  t h e  year  2000 a i r c r a f t  a r e  shown above. The cargo 
ton-miles p e r  a i r c r a f t  ope ra t ing  w i t h i n  a given range have previous ly  
been obtained (elements of t h e  ma t r ix  of Table 2.3) .  This  number w a s  
then  d iv ided  by t h e  u t i l i z a t i o n  f a c t o r  t o  y i e l d  t h e  number of pro jec ted  
a i r c r a f t  ope ra t ing  w i t h i n  a given range. The r e s u l t s  of  t h i s  a n a l y s i s  
a re  shown i n  Table 2.11. 
2 4 AIRCRAFT PERFORMANCE 
A i r c r a f t  performance i s  a v i t a l  parameter i n  the  s tudy of  a i r  t r a f f i c  
c o n t r o l .  I n  o rde r  t o  be a b l e  t o  des ign  a f u t u r e  a i r  t r a f f i c  c o n t r o l  
system, knowledge of present  and f u t u r e  a i r c r a f t  performance cha rac t e r -  
i s t ics ,  p a r t i c u l a r l y  those  r e l e v a n t  t o  te rmina l  area ope ra t ions ,  i s  
necessary.  Knowledge a f  present  a i r c r a f t  proved t o  be necessary s i n c e  
t h i s  d a t a  was e s s e n t i a l  input  t o  t h e  s imula t ion  model which is  developed 
i n  Chapter I V .  It was a l s o  necessary t o  ga in  a r e a l i z a t i o n  of  f u t u r e  
a i r c r a f t  performance s i n c e  t h i s  information would be of  g r e a t  importance 
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TABLE 2 .11  NUMBER OF ALL-CARGO AIRCRAFT 
YEAR 2000 
(BY TYPE AND RANGE) 
INTERNATIONAL 
R a n g e  ( m i l e s )  
TYPE 0-500 500-1000 1000-1500 1500-2500 2500 T o t a l  
V/STOL 0 0 
S h o r t  H a u l  
J e t  1 1 
Med i u m  Jet  0 1 
747 Jet  0 0 
TST 0 0 




0 0 0 
0 0 4 
2 0 7 
8 902 911 
1 412 413 
0 0 0 
T o t a l  1 2 7 11 1314 1335 
DOMESTIC 
Range ( m i l e s )  
TYPE 0-500 500-1000 1000-1500 1500-2500 2500 T o t a l  
V/STOL 0 0 
S h o r t  Haul 
Je t  2 6 
Medium Je t  0 5 
747 J e t  0 0 
TST 0 0 







0 0 22 
13 0 36 
51 917 968 
81 6 98 779 
0 0 0 
T o t a l  2 11 32 145 1615 1805 
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i n  des igning  a f u t u r e  a i r  t r a f f i c  c o n t r o l  system. However, t h e  i n t e r e s t  
i n  f u t u r e  a i rc raf t  performance w a s  no t  confined t o  te rmina l  a r e a  per-  
formance. I n  t h e  development of f u t u r e  a i r c r a f t ,  c r u i s e  performance w a s  
o f  primary i n t e r e s t .  This i s  i n  l i n e  wi th  t h e  views of  t he  a i r c r a f t  
i ndus t ry  who des ign  a i r p l a n e s  wi th  c r u i s e  performance as t h e  most impor- 
t a n t  c h a r a c t e r i s t i c  s i n c e  i t  is  t h i s  f a c t o r  which is  fundamental t o  
t h e  a i r p l a n e %  a b i l i t y  t o  ope ra t e  a t  maximum p r o f i t .  Thus, t h e  a i r  
t r a f f i c  c o n t r o l  system devised f o r  t h e  f u t u r e  w i l l  be b u i l t  t o  accomodate 
t h e  a i r c r a f t  r a t h e r  than  t h e  a i r c r a f t  t o  accomodate t h e  system. 
P resen t  A i r c r a f t  Performance i n  t h e  Terminal Area 
A t  t h e  s ta r t  of  t h i s  s tudy ,  i t  was hoped t h a t  t r a f f i c  i n t o  and out  
of t h e  te rmina l  area could be t r e a t e d  wi th  such d e t a i l  t h a t  t h e  i n f o r -  
mation on present  a i r c r a f t  performance c h a r a c t e r i s t i c s  could be based 
upon a l i t e r a t u r e  search  inc luding  such r e fe rences  as J a n e ' s  A l l  t h e  
World's A i r c r a f t  and The World 's  A i r l i n e r s ,  by Brooks. Unfortunately,  
t h i s  was not t h e  case .  
I n  an e f f o r t  t o  s impl i fy  t h e  s imula t ion  problem, i t  was decided 
t o  c r e a t e  seven composite a i r c r a f t  which would provide a s imple,  y e t  
reasonably accu ra t e ,  a i r  f l e e t  upon which t o  base  t h e  s imula t ion .  The 
composition of  t h e  c a t e g o r i e s  of a i r c r a f t  w a s  determined by grouping 
present  a i r c r a f t  on t h e  b a s i s  of t h e i r  maximum takeoff  weight.  This 
b a s i s  of  c a t e g o r i z a t i o n  w a s  chosen because it y ie lded  a f a i r l y  homo- 
geneous grouping of  a i r c r a f t  wi th  respect t o  o t h e r  a i r c r a f t  performance 
parameters r e l e v a n t  t o  ope ra t ions  i n  t h e  te rmina l  area. 
Recognizing t h a t  t h e  s tudy  of a i r c r a f t  performance is  a non-l inear  
problem, it w a s  decided not  t o  average t h e  performance c h a r a c t e r i s t i c s  
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of s e v e r a l  a i r c r a f t  i n  a given ca tegory ,  It w a s  f e l t ,  however, t h a t  
averaging t h e  geometry and power loadings of a i r c r a f t  i n  a p a r t i c u l a r  
ca tegory  and us ing  c l a s s i c a l  performance a n a l y s i s  techniques t o  determine 
performance c h a r a c t e r i s t i c s  would lead  t o  v a l i d  r e s u l t s .  The composite 
a i r c r a f t  geometry i s  g iven  i n  Table 2.12, 
TABLE 2 a 12 COMPOSITE AIRCRAFT GEOMETRY 
TYPICAL CATEGORY SPAN W I N G  AREA. MAXIMUM MAXIMUM POWER 
AIRCRAFT TAKEOFF LOAD1 G ( lb / shp  
(ft' WEIGHT o r  l b r l b  so t . )  
~~ ~ ~ 
Cessna 150 . I 
~~ 
34 165 
Beech King I1 43 230 
A i r  
Lear Jet  111 67 560 
DC-9 I V  96 1200 
707 V 140 2700 
747 V I  170 4200 
SST V I 1  115 5200 
~ - ~~ 
13.51 2700 






Peformance f i g u r e s  f o r  t h e  seven c a t e g o r i e s  of  a i r c r a f t  were 
obtained by not ing  performance p r o f i l e s  used by t h e  FAA f o r  one of  
t h e i r  s imula t ion  studies' '  and making jud ic ious  g e n e r a l i z a t i o n s  ~ 
performance f i g u r e s  are  given i n  Table 2,13. 
These 
A program f o r  t h e  CDC 6600 Computer w a s  w r i t t e n  t o  f a c i l i t a t e  and 
inc rease  t h e  accuracy o f  performance c a l c u l a t i o n s .  It w a s  assumed t h a t  
a i r c r a f t  i n  t h e  year  2000 w i l l  be  analyzed by t h e  techniques i n  use  
today. The program, t h e r e f o r e ,  i s  not  capable  of ana lyz ing  a i r p l a n e  
designs employing unconventional methods of producing l i f t  and i s  not  
a b l e  t o  c a l c u l a t e  t h e  takeoff  performance of  de f l ec t ed  s l i p s t r e a m  o r  
vectored t h r u s t  V/STOL v e h i c l e s ,  
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TABLE 2.13 COMPOSITE AIRCRAFT 
PERFORMANCE CHARACTERISTICS 
Category F i n a l  Approach T r a n s i t i o n  Climb Rate R a t e  
(k t s )  ( k t s )  Climb Sink 
Speed Speed Speed Speed of  of 
(fpm) (fpm) 
I 80 95 14 0 90 900 500 
I1 105 120 150 105 1200 500 
I11 115 135 156 155 1000 1000 
I V  130 150 175 175 1200 1500 
V 150 170 200 2 90 1500 2000 
V I  155 180 205 270 1200 2000 
V I 1  165 185 215 315 2000 2500 
The fol lowing s e c t i o n  desc r ibes  t h e  v a r i a b l e s  ca l cu la t ed  i n  t h e  
program and l i s t s  t h e  assumptions used i n  t h e  performance a n a l y s i s .  
Table 2.14 con ta ins  a l i s t  of symbols used i n  t h e  program development. 
Drag Analysis  
A f t e r  b a s i c  a i r c r a f t  geometry and a l t i t u d e  parameters were c a l -  
c u l a t e d ,  t h e  z e r o - l i f t  d rag  was found. Reynolds numbers f o r  wing 
fuse lage  h o r i z o n t a l  t a i l  and v e r t i c l e  t a i l  were computed f o r  each 
v e l o c i t y  and a l t i t u d e  and t h e  s k i n  f r i c t i o n  c o e f f i c i e n t s  w e r e  then  found 
assuming a t u r b u l e n t  boundary l a y e r .  The s k i n  f r i c t i o n  drag  was found 
by adding t h e  drag  on t h e  ind iv idua l  components t o  CD f o r  i n t e r f e rence .  
I n  a l l  cases ,  a pa rabo l i c  drag  po la r  was used. 
e f f e c t s  were taken i n t o  account assuming a s u p e r c r i t i c a l  wing wi th  a 
d ivergent  mach number of -95. For a l l  speed ranges,  t h e  parabol ic  
form of  equat ion  2 . 1  w a s  used t o  compute t h e  drag  c o e f f i c i e n t  CDP 
The compress ib i l i t y  
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WBLE 2.14 LIST OF VARIABLES 
Var iab le  
Drag C o e f f i c i e n t  
Zero-Lif t  Drag C o e f f i e i e n t  
L i f t  C o e f f i c i e n t  
A s p e c t  R a t  i o  
Veloc i ty  
Horsepower 
Lif t - to-Drag Ra t io  
Spec i f i c  Fuel  Consumption 
I n i t i a l  We i g h t  
F i n a l  Weight 
A i r  Densi ty  
Wing Area 
Oswald s Subsonic Wing 
E f f i c i e n c y  
Thrust  S p e c i f i c  Fuel  
Consumption 
V e r t i c a l  Veloc i ty  
Densi ty  Ra t io  
Normal Load Fac t  
Rate of Climb 
Bank Angle 
Un i t s  




l b s .  
lbo e 
s l u g s /  f t . 3  
f t ?  
lb 
l b .  x H r .  
f t  / sec  
f t . /min .  
r ad ians  


















Avai lab le  Power Analys is  
The a v a i l a b l e  power w a s  computed by va r ious  methods dependingion 
whether t h e  a i r p l a n e  under i n v e s t i g a t i o n  was p r o p e l l e r  d r ive ,  t u r b o j e t  
o r  turboprop. The turboprop a n a l y s i s  i s  not  included i n  t h i s  r e p o r t .  
The p rope l l e r  power a v a i l a b l e  w a s  found by c a l c u l a t i n g  t h e  advance 
r a t i o n ,  J ,  as i n  equat ion  2 . 2 .  
V 
ND J = -  
where 
D = Prope l l e r  Diameter 
Assuming t h a t  t h e  p r o p e l l e r  was v a r i a b l e  p i t c h  and t h a t  i t  always 
operated a t  peak e f f i c i e n c y ,  the  e f f i c i e n c y ,  1, could then be c a l -  
cu la t ed  by a t h i r d  o rde r  curve f i t  obtained i n  Reference 1 2 .  
= . 5951  + - 4 5 5 5  + . 2 3 3 5 J 2  + .0334J3 ( 2  0 3 )  
The power a v a i l a b l e  f o r  p r o p e l l e r s  was then  ca l cu la t ed  by equat ion  2 . 4 .  
PA = 5507) Hp ( 2 . 4 )  
The power a v a i l a b l e  f o r  t u r b i n e  d r iven  j e t  a i r c r a f t  w a s  obtained from 
equat ion  2 , 5 .  I n  t h e  a n a l y s i s ,  t h e  t h r u s t ,  T ,  w a s  assumed cons t an t  f o r  
each a l t i t u d e .  
PA = TV ( 2  - 5) 
Range and Endurance Analysis  
Range, R ,  was found by us ing  t h e  Brequet range equat ion.  For 
p r o p e l l e r s ,  t h e  range i n  s t a t u t e  m i l e s  i s  computed by equat ion  2 - 6 .  
4 6  
The range was then multiplied by .85 to compensate for the pilot’s 
inability to fly at a constant lift-to-drag ratio. 
( 2 . 6 )  375.0 
The aircraft was also computed by 
Breguet relationships and multiplied by 0.85. 
E = 778 1 
cD 
The maximum range for propellers was calculated analytically by 
requiring a maximum lift-to-drag ratio. 
Speed f o r  maximum range = 2Wi 
p SCDO K eA 
Rmax = .85 375 
Maximum endurance calculations require that 
(2 l o )  
(2.11) 
With the above requirement, the maximum endurance and speed for maximum 
endurance can be computed. The velocity for maximum endurance, VE, was 
found by equation 2.12. 
c 
(2 D 12) 
Range and endurance calculations for turbine powered aircraft were also 
included in the program and, again, the Breguet relations were used. 
Turbine powered aircraft range was computed using equation 2.13, while 
endurance was found from equation 2.14. 
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(2 e 13) 
(2 14) 
The range and endurance were ca l cu la t ed  a t  cons t an t  v e l o c i t y  wi th  no 
provis ions  f o r  climb o r  descent ,  The c a l c u l a t i o n s  were conducted f o r  
each v e l o c i t y  and a l t i t u d e  throughout t h e  f l i g h t  envelope, One 
thousand foo t  increments i n  a l t i t u d e  were used along with 10 fps  
increments i n  v e l o c i t y ,  Maximum range and endurance f o r  t u r b i n e  powered 
a i r c r a f t  were ca l cu la t ed  by means of equat ions  2.15 and 2,16 r e spec t ive ly .  
(2,15) 
(2 0 16) 
Climb and Descent Analysis  
Climb and s i n k  r a t e s  were found by d iv id ing  the  d i f f e r e n c e  between 
t h e  power a v a i l a b l e  and t h e  power requi red  by t h e  weight ,  Sink r a t e s  
were based on t h e  assumption t h a t  p rope l l e r  dr iven  a i r c r a f t  c a r r y  10 
percent  of  t h e  a v a i l a b l e  power whi le  t h e  j e t  a i r c r a f t  r e t a i n  70 p e r -  
cen t  power, 
func t ion  of v e l o c i t y  and a l t i t u d e ,  The f l i g h t  path angles ,  41, were 
found by equat ion  % , 1 7 ,  
Climb and descent  r a t e s  were a l s o  ca l cu la t ed  as a 
-1 y = s i n  Vu 
v (2 17)  
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Turn Analysis  
The t u r n  r ad ius  w a s  computed f o r  a l l  a i r c r a f t  assuming t h e  t h r u s t  
ang le  of i n c l i n a t i o n  and t h e  f l i g h t  path ang le  a re  s m a l l .  The radium, 
w a s  then  ca l cu la t ed  f o r  a 1 . 2  g t u r n  by equat ion  2.18. 
Radius = 2Wi 
p gCLSsing 
(2 18) 
n = 1 , 2  = 1 
cos m 
where @ = Bank Angle 
Takeoff and Landing Analysis  
Takeoff d i s t a n c e s  necessary t o  clear a 50 foo t  o b s t a c l e  were 
obtained by a method presented i n  Reference 13, This method assumes 
the  t akeof f  speed t o  be approximately 20 percent  above s t a l l  speed and 
no account i s  taken of  l a r g e  t h r u s t  angles  o r  t h r u s t  d e f l e c t i o n .  
Takeoff d i s t a n c e  was computed as a func t ion  of  wing loading,  t h r u s t  
loading,  takeoff  l i f t  c o e f f i c i e n t ,  and a l t i t u d e .  Takeoff l i f t  co- 
e f f i c i e n t  was def ined t o  be 70 percent  of t h e  maximum l i f t  c o e f f i c i e n t .  
Reference 13 a l s o  p re sen t s  a method f o r  c a l c u l a t i n g  landing 
d i s t ance ,  SL, over  a f i f t y  f o o t  o b s t a c l e ,  
d i s t a n c e  (1 
Equation 2.19 c a l c u l a t e s  t h a t  
(2,19) 
The above equat ion  assumes t h a t  t h e  speed a% t h e  f i f t y  foo t  o b s t a c l e  
i s  the  approach speed and i s  30 percent  g r e a t e r  t han  s t a l l  speed while  
landing speed i s  assumed t o  be 15 percent  g r e a t e r  than  s t a l l  speed. 
The landing d i s t a n c e  c a l c u l a t e d  i n  t h e  program i s  Federal  A i r  Regula- 
t i o n s  f i e l d  length  and is  found by equat ions  2 , 1 9  and 2 .20 ,  
Far  F ie ld  Length = SJ 
.6  
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( 2  0 20) 
Maximum Speed Analysis  
The computer program f i n d s  t h e  maximum speed by c o n s t a n t l y  checking 
t h e  d i f f e r e n c e  between t h e  a v a i l a b l e  power and t h e  requi red  power. When 
t h e s e  two q u a n t i t i e s  a r e  equal  t h e  maximum speed is  achieved. A f t e r  
t he  maximum l e v e l  speed i s  reached, t h e  a l t i t u d e  is  increased  by 1000 
f e e t ,  The a l t i t u d e  loop is terminated a t  t he  abso lu te  c e i l i n g  def ined 
a s  t h e  a l t i t u d e  a t  which t h e  a i r p l a n e  can  no longer  s u s t a i n  l e v e l  f l i g h t .  
Externa l  Analysis  
O r i g i n a l l y ,  t h e  program was designed t o  perform a hodographic 
a n a l y s i s  i n t e r n a l l y  i n  which va r ious  climb and g l i d e  da t a  could be 
eva lua ted .  Because of l ack  of t ime, t h i s  po r t ion  of  t h e  a n a l y s i s  was 
not  f i n i shed  and t h e  remainder of  t he  a n a l y s i s  w a s  performed ou t s ide  
t h e  program. A modified hodograph appears  i n  Figure 2 .15  a long  wi th  some 
of t h e  q u a n t i t i e s  obtained from such a graph. An example i s  shown i n  
F igure  2 .18 .  
Another e x t e r n a l  a n a l y s i s  involves  t h e  de te rmina t ion  of s e r v i c e  
c e i l i n g  and t i m e s  t o  climb t o  a l t i t u d e ,  Graphs l i k e  t h a t  shown i n  
F igure  2 .16  were generated t o  f i n d  t h e  minimum t i m e s  t o  climb from one 
a l t i t u d e  t o  ano the r .  
h2 can be expressed as i n  equat ion  2.21, 
The t i m e  t o  climb from one a l t i t u d e  hl t o  another  
(2 0 21) 
This  t i m e  i s  equal  t o  the  shaded a rea  under t h e  curve,  and can  be 
determined g raph ica l ly ,  Serv ice  c e i l i n g  can a l s o  be found by graphs 
l i k e  F igure  2,16, The a l t i t u d e  a t  which t h e  maximum r a t e  of  climb is  
reduced t o  100 f e e t  per minute i s  def ined as t h e  s e r v i c e  c e i l i n g .  
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Figure 2.16. - Time to climb char%. 
One of  t h e  important parameters i n  t h e  development of a i r c r a f t  
performance a n a l y s i s  i s  t h e  range-payload r e l a t i o n s h i p  This computer 
program i s  designed t o  compute t h e  v i t a l  po in t s  on a range-payload c h a r t  
as  shown i n  F igure  2,17. Each of t h e  four  po in t s  r ep resen t  a d i f f e r e n t  
weigh% conf igu ra t ion  and i s  analyzed a s  a func t ion  of  speed and v e l o c i t y ,  
A t  po in t  1 t h e  a i r p l a n e  i s  loaded wi th  every th ing  except usable  f u e l  
and i t s  range is ,  of course ,  ze ro ,  Poin t  2 i s  t h e  cond i t ion  where t h e  
plane is  loaded t o  t h e  gross  weight with t h e  maximum payload and a l l  
usable  f u e l ,  Between po in t s  2 and 3 t h e  payload is  being t r aded ,  pound 
f o r  pound f o r  f u e l  u n t i l  a f u e l  volume l i m i t a t i o n  i s  reached a t  po in t  3. 
Between po in t s  3 and 4 payload is simply being o f f  loaded u n t i l  t h e r e  
i s  none l e f t .  The range a t  t h i s  point: is c a l l e d  
2,15 l i s t s  the  i n i t i a l  and f i n a l  weights used i n  
TABLE 2.15 
INITIAL AND FINAL WEIGHTS 
Po in t  I n i t i a l  Weight 
4 
Future A i r c r a f t  
the  f e r r y  range,  Table 
the  range a n a l y s i s ,  
F ina  1 Weight 
om 
1% w a s  determined t h a t ,  i n  t h e  year  2000, t h e r e  woi Id be s u f f i c i e n t  
demand t o  m e r i t  t h e  c o n s t r u c t i o n  of a quick change t r a n s p o r t  (QC) 
General ly ,  t h e  a i r c r a f t  should be designed t o  c a r r y  600,000 pounds of 
cargo o r  1000 passengers  depending on the  conf igu ra t ion ,  The a i r c r a f t  
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Figure 2.17. - Range-pqrload chart. 
should be capable  of  t r a v e l i n g  3000 m i l e s  a t  650 m i l e s  p e r  hour.  The 
a i r c r a f t  group then  worked on a prel iminary des ign  and performance 
a n a l y s i s  f o r  such a n  ao rc ra f t , .  The a i r p l a n e  has  been designated as t h e  
TST (QC). 
Geometry of  t h e  TST (QC) 
I n  o rde r  t o  des ign  a n  a i r c r a f t  i n  compliance wi th  t h e  s p e c i f i c  
ope ra t iona l  requirements d e t a i l e d  above, a prel iminary des ign  program 
was i n i t i a t e d .  The r e s u l t a n t  a i r c r a f t ,  t h e  TST (Transonic Transport)  
i s  s i m i l a r  i n  e x t e r n a l  appearance t o  present-day je t  t r a n s p o r t  a i r c r a f t .  
The two most r e a d i l y  apparent  d i f f e r e n c e s  between the  TST and c u r r e n t  
t r a n s p o r t  a i r c r a f t  a re  1) s i z e  and 2) t h e  blended wing of t he  TST. 
The s i z e  of  t h e  TST w a s  d i c t a t e d  by t h e  range-payload requirements se t  
ou t  i n  t h e  s p e c i f i c  ope ra t iona l  requirements.  The blended wing of t h e  
TST w a s  s e l e c t e d  t o  provide increased  volume a v a i l a b l e  f o r  f u e l  i n  t he  
wing without  degrading t h e  aerodynamic e f f i c i e n c y  of  t h e  a i r c r a f t ,  
Other d i f f e r e n c e s  between the  TST and c u r r e n t  a i r c r a f t  which a r e  
not  so r e a d i l y  apparent  include:  
1. Increased s t r u c t u r a l  e f f i c i e n c i e s  
2 .  Increased c a p a b i l i t i e s  of  l i f t  augmentation devices  
3 .  Increased t h r u s t  l e v e l s  of t he  engines .  
These improvements, as w e l l  as o t h e r s ,  i n  a i r c r a f t  des ign  technology 
r e f l e c t  t h e  growth of a i r c r a f t  design technology predic ted  by s e v e r a l  
s t u d i e s  14, 15 
The geometry, weights ,  aerodynamics, and power loading of t h e  
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4 5 , 6  f t .  
22.7 f t .  
3 5 .  f t .  
C r t  
Q P  
4 2  f t .  
S t r u c t u r a l  weight 455000 
Engine w e  igh t 31000 
Fixed equipment weight 251000 
Opera t iona l  empty weight 737000 
Payload weight 
Fuel  weight 6 
600000 
413000 (Max. f u e l  weight.  1.013 X 10 l b s )  
Maximum gross  weight 11 50000 
Aerodynamic and Engine Data: 
(Aerodynamics) 
CL, (max) 4 . 2  
AC, ( In te r fe rence)  0,008 
wing e f f i c i e n c y  0,82  
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6 @75000 pound t h r u s t  
t o t a l  t h r u s t  450000 pounds 
power loading  3.5 l b / l b  t h r u s t  
A sketch o f  t h e  TST i s  shown i n  F igure  2.18 .  
The performance o f  t h e  a i r c r a f t  shown i n  F igure  2.18  w a s  c a l c u l a t e d  
by t h e  computer program descr ibed above and is  given i n  Table 2.16. 
Table 2.16 a l s o  inc ludes  t h e  f i g u r e  number from which t h e  d a t a  
TABLE 2.16 
TRANSONIC TEL4NSPORT PERFORMANCE CHARACTERISTICS 
A l t i t u d e  Information: 
Cruise  A l t i t u d e  
Absolute  C e i l i n g  
Serv ice  C e i l i n g  
C 1 imb Information: 
Time t o  260000 f e e t  
Best Climb Angle (SL) 
Speed f o r  Best Climb 
Maximum Rate 6 f  Climb 
Speed f o r  Maximum 
Angle (SL) 
-(SL). ’. I . .  ’ 
Rate of Climb (SL) 
Range Information: 
Maximum Range 
Speed f o r  Maximum 
F e r r y  Range 
Range (26000)  
Speed Information: 
S t a l l  Speed (SL) 
Maximum Level Speed 
(26000 f e e t )  
Approach Speed (SL) 
Figure Number 
26,000 f t .  2.22 and 2.23 
42,, 300 f t  2.24  
42,%000 f t .  2.24 
7 . 2  w n u t e s  2.19  
11. oo 2.20 
260 k t s  2.20 
7.171 fpm 2.20 
455 k t s ,  2.20 
5255 m i l e s  2.23 
545 k t s .  2.22 
14648 m i l e s  2.27 
91 k t s .  
575 k t s  
118 k t s  e 
. - .  
2.20 
2 . 2 1  
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Figure 2.18 Sketch of TST preliminary design 
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Figure 2.19.- Time t o  climb analysis. 
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Figure 2.20. - Modified hodograph f o r  TST at sea level. 
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Figure 2.23.- Altitude performance. 
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Figure 2.26.- Steady level tum performance f o r  a 1.2g 
turn at sea level.  
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6 x 105 
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~ u m  range (gtatute 
F 2.27.- Ranga-pqyload chart far TST. 
F i e l d  Length Requirements: 
Takeoff (SL) 
Landing (SL) 
3412 f t  
6130 f t .  
2.5 VORTEX ANALYSIS 
A s tudy of a i r c r a f t  wake v o r t i c e s  w a s  undertaken a s  p a r t  of t h i s  
p r o j e c t  on a i r  t r a f f i c  c o n t r o l  s i n c e  t h e  s e p a r a t i o n  of  a i r c r a f t  must 
be such t h a t  t h e r e  i s  a very  s m a l l  p r o b a b i l i t y  of vo r t ex  induced up- 
set  of  a i r c r a f t  i n  t h e  te rmina l  a r e a ,  Experience wi th  t r a n s p o r t  a i r c r a f t  
has  shown t h a t  a i r c r a f t  can encounter mild upse t s  i n  t h e  wakes of 
a i r c r a f t  of s imi l a r  weights .  Such upse t s  can be very  dangerous a t  low 
speeds c l o s e  t o  t h e  ground. 
Desc r ip t ion  of Vor t i ces  
A i r c r a f t  t r a i l i n g  v o r t i c e s  a r e  formed by the  shedding of  vo r t ex  
s h e e t s  from l i f t i n g  s u r f a c e s .  These v o r t e x  s h e e t s  then  r o l l  up t o  form 
a p a i r  of  c o u n t e r - r o t a t i n g  v o r t i c e s  behind t h e  a i r c ra f t .  A f t e r  t h e  
r o l l i n g  up, v o r t i c e s  appear a s  a vo r t ex  co re  surrounded by a p o t e n t i a l  
flow f i e l d .  This  vo r t ex  system then  undergoes decay by v iscous  d i f f u s i o n  
from t h e  co re  o r  by a n  uns t ab le  i n t e r a c t i o n  induced by atmospheric 
tu rbulance ,  l ead ing  t o  t h e  formation of vo r t ex  r i n g s .  
The flow f i e l d  behind t h e  wing i s  w e l l  understood q u a l i t a t i v e l y ,  
bu t  due t o  t h e  t h r e e  dimensional na tu re  of  t h e  ro l l i ng -up  process  and 
due t o  t h e  i l l - d e f i n e d  r o l e  of v i s c o s i t y  i n  t h e  process q u a n t i t a t i v e  
models a r e  very  inexac t .  These t h e o r e t i c a l  a n a l y s i s  of t h e  process  
have been based on e i t h e r  unsteady two-dimensional flow o r  t h e  equiva len t  
three-dimensional  s teady  flow, Severa l  experiments t o  show contours  of 
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v o r t i c i t y  behind va r ious  wing planforms have been conducted b u t  t hese  
r e s u l t s  have appa ren t ly  not  been used t o  develop methods t o  s tudy  t h e  
ro l l i ng -up  of  t h e  y o r t e x  s h e e t ,  
w a s  t aken  of axial  (o r  l ong i tud ina l )  flow i n  t h e  formation process .  
Any s t u d i e s  i n  t h i s  r eg ion  of t h e  flow f i e l d  must be based on numerical 
i n t e g r a t i o n  of  t h e  tbree-dimensional  equat ions of motion us ing  t h e  
v o r t i c i t y  d i s t r i b u t i o n  of t h e  l i f t i n g  s u r f a c e  as t h e  i n i t i a l  (boundary) 
cond i t ion  of  t h e  vo r t ex  s h e e t ,  Also,  closed-form s o l u t i o n s  must be 
based on t h e  assumption of n e g l i g i b l e  long i tud ina l  f lows, This assumption 
l eads  t o  a reasonable  r e p r e s e n t a t i o n  of t h e  shee t  r o l l u p ,  bu t  i s  u n l i k e l y  
t o  g ive  proper in format ion  on any a x i a l  p ressure  g rad ien t s  i n  t h e  
vo r t ex  co re .  
Also,  i n  t h e s e  experiments l i t t l e  no te  
I n  a d d i t i o n ,  t h e  co re  of a t i p  vo r t ex  i s  u s u a l l y  t u r b u l e n t ;  
t h e o r e t i c a l  d e t e r m i n i s t i c  models w i l l  produce l i t t l e  more than 
q u a l i t a t i v e  informat ion ,  
vo r t ex  c o r e  have shown t h a t  t h e  decay of  a t u r b u l e n t  vo r t ex  may be 
predic ted  by us ing  am empir ica l  eddy v i s c o s i t y  (dependent on t h e  i n i t i a l  
vo r t ex  s t r e n g t h  and Reynold*s number) i n  t h e  c l a s s i c a l  decay model used 
by many i n v e s t i g a t o r s ,  
downstream behavior o f  t h e  v o r t i c e s  i s  smooth a i r  can be we l l  e s t a b l i s h e d .  
The e f f e c t s  of tu rbulence  on t h e  r o l l i n g  up process  are  not  known except 
f o r  c e r t a i n  special  cases .  
S t o c h a s t i c  ana lyses  of  t h e  decay o f  t h e  
By t h e  use of  such an  empir ica l  approach, t h e  
The v o r t i c e s  on d e l t a  wings d i f f e r  from those  of vaguely r ec t angu la r  
planforms i n  t h a t  a vo r t ex  s h e e t  i s  a l s o  shed from t h e  leading  edge of 
t h e  wing. This  vo r t ex  shee t  forms a roughly laminar vo r t ex  over t h e  
wing. This  vo r t ex  i s  r e spons ib l e  f o r  t h e  cons iderable  vo r t ex  l i f t  found 
on planforms wi th  l a r g e  leading  edge sweep; as t h e  vo r t ex  r o l l s  up, t h e  
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r o t a t i o n  of t h e  co re  induces a very  low s t a t i c  pressure  along t h e  a x i s  of 
t he  vo r t ex ,  I n  a d d i t i o n ,  t h e  v o r t i c e s  on d e l t a  wings a r e  observed t o  
b u r s t  i n  t he  presence of an  inc reas ing  a x i a l  p ressure  g rad ien t  ( t he  
vo r t ex  breakdown phenomenon) such as  i s  encountered near  t h e  t r a i l i n g  
edge of  a d e l t a  platform.  Whether t h i s  vo r t ex  b u r s t i n g  on a wing l eads  
t o  a genera l  t u rbu len t  motion o r  simply a tu rbu len t  vo r t ex  c o r e  i s  not  
c l e a r ,  On very s l ende r  d e l t a  planforms, t h e  v o r t i c e s  a l s o  develop an  
asymmetrical v e r t i c a l  i n t e r a c t i o n  ( t h e  "vor tex  pop-up" phenomena) , 
one vo r t ex  climbing over  t he  o the r .  
I n  the  f a r  downstream region ,  t h e  behavior  of v o r t i c e s  i n  smooth 
a i r  i s  appa ren t ly  we l l  known, Here t h e  v o r t i c e s  c o n s i s t  of two flow 
reg ions ,  an  inner  %urbulen% vor t ex  core  and an  ou te r  p o t e n t i a l  vo r t ex ,  
A s  discussed above, use  of empir ica l  cons t an t s  i n  c l a s s i c a l  flows 
renders  t h e  downstream region  q u i t e  t r a c t a b l e ,  Viscous d i f f u s i o n  is  
t h e  usua l  mechanism of  vo r t ex  d i s p e r s i o n  i n  t h i s  reg ion ,  I n  a d d i t i o n ,  
an  uns t ab le  i n t e r a c t i o n  between t h e  v o r t i c e s  based on t h e i r  mutual 
induct ion  has  been shown t o  e x i s t ,  Unfor tuna te ly  f o r  exac tness ,  t h e  
time s c a l e s  of v o r t e x  decay a re  s i m i l a r  t o  those  of  minor atmospheric 
movements, Thus, t h e  pe r s i s t ance  of  a vo r t ex  i n  a p a r t i c u l a r  a i r  m a s s  
i s  s t i l l  hard t o  p r e d i c t .  
Once the  s%ruc%ure  of t h e  wake v o r t i c e s  i s  s u f f i c i e n t l y  w e l l  known, 
work can  begin on t h e  problem of v o r t e x  wake encounters  by o t h e r  a i r -  
c r a f t ,  Although much work has been done on determining minimum s e p a r a t i o n  
f o r  p a r t i c u l a r  a i r c r a f t ,  such work must ( f o r  s a f e t y )  be based on t h e  most 
pes s imis t i c  c i rcumstances and l eads  only t o  minimum s e p a r a t i o n  d l s t a n c e s ,  
u sua l ly  on the  o rde r  of a few m i l e s ,  I n  a d d i t i o n ,  f l i g h t  t es t s  have 
shown t h e  v o r t i c e s  t o  be a t  f u l l  s t r e n g t h  t h i r t y  seconds a f t e r  the  
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passage of l a r g e  t r a n s p o r t s  i n  landing conf igu ra t ion ,  This  corresponds 
t o  a d i s t a n c e  of over one m i l e .  The vo r t ex  decays slowly from t h i s  
i n t e n s i t y .  Desired s e p a r a t i o n  f o r  t he  a i r  t r a f f i c  c o n t r o l  procedures 
recommended i n  Chapter 111 w a s  near  t h i s  f i g u r e ,  Thus, i t  was decided 
t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of vo r t ex  d i s p e r s i o n  near  t he  a i r c r a f t .  
While no e x p l i c i t  methods were worked out  f o r  breaking up v o r t i c e s ,  
q u a l i t a t i v e  ideas  of t h e  necessary p r e r e q u i s i t e s  t o  t h i s  have been 
formulated 
Any work of  t h i s  na tu re  must s ta r t  from a good knowledge of flow 
near  t h e  a i r c r a f t ,  i . e .  from a model of t he  vo r t ex  shee t  becoming a 
vo r t ex  co re .  Once t h e  r o l l i n g  up of the  vo r t ex  shee t  can  be p red ic t ed ,  
ways t o  break up t h e  v o r t e x  can  be examined. It is  important t o  seek 
methods which can be appl ied  t o  e x i s t i n g  conf igu ra t ions  with a minimum 
performance penal ty ;  methods which r equ i r e  ex tens ive  modi f ica t ions  o r  
incur  s u b s t a n t i a l  performance p e n a l t i e s  w i l l  l i k e l y  never be incorpora ted .  
Vortex Dispers ion  
Once a reasonably exact  model of t h e  flow behind a wing has  been 
developed, ways t o  break up t h e  vo r t ex  can be i n v e s t i g a t e d ,  There appear 
t o  be many poss ib l e  ways t o  ope ra t e  on t h e  vo r t ex  formation and vo r t ex  
flow t o  impede t h e  formation of  t h e  vo r t ex  co re  o r  t o  d i s s i p a t e  t h e  
formed vor t ex  core .  Inves t iga t ions  of p a r t i c u l a r  a r e a s  of t he  vo r t ex  
formation process  y i e l d  many poss ib l e  schemes, 
Operat ions on t h e  c i r c u l a t i o n  d i s t r i b u t i o n  about t h e  wing, by wing- 
t i p  or planform geometry modi f ica t ions ,  provide varying degrees  of 
vo r t ex  s t r e n g t h  reduct ion .  Modif icat ions such a s  t i p  tanks and end p la tes  
inc rease  t h e  two d imens iona l i ty  of t h e  flow and simply s h i f t  t h e  vo r t ex  
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cores  outward wi th  l i t t l e  change i n  s t r e n g t h .  Conversely, concent ra t ing  
c i r c u l a t i o n  and l i f t  on inboard s e c t i o n s  s h i f t s  t h e  vo r t ex  co res  c l o s e r  
t oge the r .  Moving t h e  v o r t i c e s  c l o s e r  t oge the r  should inc rease  the  
i n s t a b i l i t y  due t o  mutual inductance mentioned e a r l i e r .  A l so  c i r c u l a t i o n  
d i s t r i b u t i o n s  g iv ing  more than  two v o r t i c e s  (such as have been observed 
with p a r t i a l - s p a n  f l a p  d e f l e c t i o n s )  may a l s o  inc rease  t h e  mutual 
inductance and a c c e l e r a t e  vo r t ex  system i n s t a b i l i t y ,  Many wingt ip  
des igns  have been inves t iga t ed  i n  connect ion wi th  h e l i c o p t e r  r o t o r  
wake s t u d i e s ,  bu t  i t  seems doubt fu l  t h a t  t i p  con f igu ra t ion  a lone  can 
shown too  much reduct ion  i n  t h e  v o r t i c e s ,  I n  a d d i t i o n ,  experiments 
on t h e  t i p  e f f e c t s ,  unaided by a r e a l l y  good mathematical  model of t h e  
flow behind t h e  wing, w i l l  be  e s s e n t i a l l y  t r i a l  and e r r o r  and w i l l  show 
r e s u l t s  very  s lowly,  
Operat ions on t h e  vo r t ex  s h e e t ,  such a s  s u c t i o n  o r  blowing, could 
be devised t o  i n h i b i t  t h e  r o l l i n g  up of t h e  vo r t ex  shee t .  The i n t r o -  
duc t ion  of s w i r l i n g  flows near  t h e  t i p  could decay t h e  r o l l - u p  while  
t he  shee t  undergoes a v iscous  d i f f u s i o n .  Experiments conducted us ing  
p r o p e l l e r s  a t  t h e  wing t i p s  have shown reduct ions  i n  induced drag  on 
t h e  wings, implying a reduct ion  i n  downwash near  t h e  wing; b u t  no 
measurements of  %he v o r t i c e s  were taken, as t h a t  s tudy w a s  concerned 
with a i r c r a f t  performance, 
Another procedure suggested by t h e  vo r t ex  breakdown phenomenon 
i s  t o  produce a n  adverse p re s su re  g rad ien t  a long t h e  core ,  The e f f e c t s  
of s u c t i o n  o r  blowing near t h e  t i p  on t h e  a x i a l  p ressure  g rad ien t  could 
be inves t iga t ed  were a proper knowledge of  t h e  a x i a l  flow c h a r a c t e r i s t i c s  
of a vo r t ex  a v a i l a b l e ,  A l s o ,  t h e  e f f e c t s  of pe r iod ic  s u c t i o n  of blowing 
and pe r iod ic  displacement of  t h e  vo r t ex  shee t  (as a f lapping  su r face )  
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should be inves t iga t ed .  Such procedures might be a b l e  t o  produce f u r t h e r  
c o r e  i n s t a b i l i t y .  
Apparently t h e  most promising of  t hese  approaches i s  t h e  las t .  Even 
though t h e  vo r t ex  has  a d i f f e r e n t  o r i g i n ,  i . e ,  from the  IeadirCg edge, 
t h e  f a c t  t h a t  it b u r s t s  i n  t h e  presence of a p a r t i c u l a r  pressure  f i e l d  
may be app l i ed  t o  o t h e r  vo r t ex  flows, I n  f a c t ,  a conjugate-flow theory 
f o r  vo r t ex  breakdown seems t o  apply w e l l  t o  vo r t ex  p i p e  flows, i n v e s t i -  
ga t ion  of t h e  a x i a l  flows i n  a i r c r a f t  t r a i l i n g  v o r t i c e s ,  poss ib ly  by 
wind tunne l  o r  water tunne l  tes ts ,  appears  t o  be a necessary f i r s t  s t e p ,  
Af t e r  a c o n s i s t e n t  knowledge of  t h i s  a r ea  i s  acqui red ,  t h e  a f f e c t s  of  
suc t ion ,  blowing, and j e t  f l a p s  on t h e  vo r t ex  c h a r a c t e r i s t i c s  should be 
s tud ied ,  p re fe rab ly  by a n a l y t i c a l  methods r a t h e r  than  experimental  ones 
i n  o rde r  t h a t  good tes t  a r e a s  can be def ined .  I f  a favorable  p re s su re  
f i e l d  can  be generated without  a n  unreasonable power expendi ture ,  t e s t s  
on a i r c r a f t  could follow. 
2 , 6  SUMMARY 
Resu l t s  and conclus ions  regard ing  f u t u r e  a i r c r a f t  a r e  t h e  following: 
1, 
2 .  
3 ,  
4 ,  
Eased on ~ , 0 1 3 , 7 0 0 , 0 0 0  projec ted  passenger enplanements 
f o r  t h e  year  2000, a passenger f l e e t  o f  8179 a i r c r a f t  i s  
p red ic t ed ,  
Cargo demand i n  t h e  yea r  2000 f o r  t h e  a l l - c a r g o  f l e e t  has  
been p ro jec t ed  t o  be 601,082 m i l l i o n s  of  ton-miles ,  of  
which 434,600 m i l l i o n s  are  domestic a i r  cargo,  
cargo w i l l  be moved by a t o t a l  of 3140 a i r c r a f t  of which 
1805 w i l l  be f l y i n g  domestic routes. 
This 
General a v i a t i o n  a i r c r a f t  i n  t h e  year  2000 w i l l  number 
700 , 000 a 
Due t o  t h e  f a c t  t h a t  h ighe r  wing loadings  of f u t u r e  
a i r c r a f t  w i l l  compensate f o r  advances i n  h igh  l i f t  
technology, te rmina l  area performance of f u t u r e  
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convent ional  a i r c r a f t  w i l l  be approximately t h e  same a s  
present  a i r c r a f t  performance, 
5. 
6. 
Notable except ions t o  conclus ion  four  a r e  t h a t  STOL and 
VTOL w i l l  have unique te rmina l  a r e a  performance cha rac t e r -  
i s t i c s ,  and convent ional  a i r c r a f t  w i l l  approach t h e  runway 
a t  h ighe r  descent  ang le s  t o  h e l p  a l l e v i a t e  t h e  no i se  
prob 1 e m  
Recommendation of a i r c r a f t  s e p a r a t i o n  d i s t ances  based 
on vo r t ex  s t r e n g t h  is  only  a. stop-gap measure, There- 
f o r e ,  i n  o rde r  t o  s i g n i f i c a n t l y  decrease  a i r c r a f t  
s e p a r a t i o n  d i s t a n c e s ,  v o r t i c e s  must be d i s s i p a t e d .  
Fur ther  t h e o r e t i c a l  and experimental  work w i l l  be 
requi red  to determine methods f o r  accomplishing t h i s .  
To f u l l y  appreciate t h e  above a i r c r a f t  p ro j ec t ions ,  they  must be 
compared with t h e  present  a i r c r a f t  f l e e t  (see Table 2 ,17) ,  
A four  fo ld  inc rease  i n  t h e  t o t a l  commercial f l e e t  i s  es t imated .  
Cargo a i r c r a f t  w i l l  i nc rease  twelve t imes over i t s  present  f l e e t  s i z e  
and by the  year  20 0 the  cargo f l e e t  a lone  w i l l  be la.rger t han  the  
present  t o t a l  commercial f l ee t ,  This ,  combined with t h e  p r o j e c t i o n  of 
700,000 genera l  a v i a t i o n  a i r c r a f t ,  g ives  some i n d i c a t i o n  of t h e  urgent  
need f o r  tmprovement i n  a i r  t r a f f i c  c o n t r o l  equipment and procedures ,  
e s p e c i a l l y  when one cons iders  that: wi th  t h e  present  f l e e t  s i z e ,  f i v e  
of t h i s  coun t ry ' s  major a i r p o r t s  a r e  now s a t u r a t e d .  
TABLE 2,17 COMPARISON OF PRESENT AND PROJECTED AIRCRAFT FLEETS 
Commerc i a  1 1969 Percent  2000 Percent  Increase  
F l e e t  o f  To ta l  of To ta l  
Passenger 2,327 90,o 8,179 72,3 3.51 
Cargo 259 10 ,o  3,140 27,7 1 2 , 1 2  
To ta l  2586 100 I) 0 19,319 100,O 4 ,38  
General 
Av Fa t is n 133 000 
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700 000 5,28 
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CHAPTER III 
A I R  TRAFFIC CONTROL PROCEDURES AND HARDWARE 
3 , l  INTRODUCTION 
The i n v e s t i g a t i o n  of  a l l  r ami f i ca t ions  of a n  a i r  t r a f f i c  c o n t r o l  
system is ,  a t  b e s t ,  a n  arduous,  t i m e  consuming t a s k .  Even more d i f f i c u l t ,  
however, i s  t h e  development of  a f u t u r e  system t o  accomodate t h e  
a n t i c i p a t e d  growth of a i r  t r a f f i c ,  Recognizing t h i s  f a c t ,  it was decided 
t o  focus a t t e n t i o n  on t h e  t e c h n i c a l  a s p e c t s  of a f u t u r e  system. The 
reader  w i l l ,  t h e r e f o r e ,  f ind  l i t t l e  r e fe rence  t o  t h e  economic, s o c i a l  
o r  p o l i t i c a l  Consequences of des ign  proposals .  These i n t e r a c t i o n s ,  
a l though not  examined i n  depth,  w e r e  considered i n  t h e  systems design.  
Every a t tempt  w a s  made t o  develop an  opt imal  a i r  t r a f f i c  c o n t r o l  
system, An opt imal  system was considered t o  be a n  i d e a l  o r  u l t i m a t e  
concept .  N o  p re t ense  w a s  made, however, t h a t  t h i s  goal  could be a t t a i n e d .  
A number of  des igns  were proposed and each w a s  examined i n  t e r m s  of i t s  
c a p a b i l i t i e s  and l i m i t a t i o n s ,  The designs h e r e i n  a r e  those  which are  
considered t h e  mosf f avorab le ,  
Purpose 
A f t e r  ga in ing  an  appreq ia t ion  of t h e  problems a s soc ia t ed  wi th  a i r  
t r a f f i c  congest ion,  it w a s  determined t h a t  t h e  te rmina l  area c o n s t i t u t e d  
t h e  b igges t  bo t t l eneck  t o  t h e  flow of t r a f f i c  i n  t h e  e n t i r e  a i r  t r a f f i c  
con t ro l  system, A s  a r e s u l t ,  t h e  fol lowing s ta tement  of  purpose w a s  
formulated: 
To develop a i r  t r a f f i c  c o n t r o l ,  approach, takeoff  and landing ,  
and a i r  c o l l i s i o n  avoidance procedures and hardware t o  
minimize te rmina l  area ope ra t ing  t i m e ,  s a f e l y  and economically,  
through the; y p r  -2000 
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Terminal a r ea  ope ra t ing  time i s  t h e  key phrase i n  t h i s  s ta tement ,  This  
t i m e  may be minimized by inc reas ing  a i r p o r t  capac i ty ,  t h e  maximum number 
of  ope ra t ions  p e r  u n i t  t i m e  with accep tab le  average de lay ,  and/or  by 
decreas ing  t h e  t i m e  t o  landing ,  t h e  time from e n t e r i n g  t h e  te rmina l  area 
t o  touchdown, 
> 
I n  a n  i n v e s t i g a t i o n  o r  systems design s tudy ,  i t  seems adv i sab le  t o  
guide t h e  working i n d i v i d u a l s  through a se t  of coord ina t ing  assump- 
t i o n s .  One drawback t o  such a n  approach may be t o  unduly r e s t r i c t  
systems planning,  I n  r e t r o s p e c t ,  t h i s  i s  proper ly  a ma t t e r  of  concern 
bu t  i t  i s  f e l t  t h a t  j o i n t  a c t i v i t y  r e q u i r e s  e f f e c t i v e  d i r e c t i o n  through 
such measures a The more important assumptions and c o n s t r a i n t s  which 
were considered f o r  pre l iminary  planning follow: 
1, 
2, 
3 ,  
4 ,  
5,  
6 .  
7,  
No o rde r  of magnitude advancement i n  a i r c r a f t  power swrces 
o r  l i f t  genera t ing  systems w a s  cons idered ,  
Concepts p r e s e n t l y  a v a i l a b l e  i n  e l e c t r o n i c s ,  computer 
technology, and f l i g h t  ins t rumenta t ion  would be employed 
with development and i n t e g r a t i o n  i n t o  a t o t a l  system. 
A i r c r a f t  would approach and depa r t  i n  a s i n g l e  d i r e c t i o n  
us ing  dua l  l ane  runways. 
System c a p a b i l i t i e s  would inc lude  both segregated and 
mixed ope ra t ions  
I n i t i a l  des ign  would be based on one a i r p o r t  with one runway 
a t  t h e  c e n t e r  of  an  approximately 60 m i l e  t e rmina l  area,  
Subsequent design would be expanded t o  inc lude  m u l t i p l e  
runways and m u l t i p l e  a i r p o r t s  i n  t h e  te rmina l  a r e a ,  
System des igns  would accomodate mixed performance classes 
of a i r c r a f t  under ca tegory  I% weather cond i t ions .  
Airspace w i t h i n  t h e  te rmina l  area would be segregated fo r  
c o n t r o l l e d  and uncont ro l led  a i r c r a f t ,  
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I n v e s t i g a t i o n  Approach 
Analysis  of  t h e  sequence of events  i n  c u r r e n t  te rmina l  areas 




4 ,  
A i r  C o l l i s i o n  Avoidance--Procedures and hardware requi red  
t o  reduce a i r  c o l l i s i o n  t o  t h e  lowest p r a c t i c a l  l e v e l .  
Landing and Takeoff--The t r a n s i t i o n  from touchdown t o  
ground t a x i  and from ground t a x i  t o  f l i g h t .  
F i n a l  Approach--The p r e c i s e  t r a n s i t i o n  from f l i g h t  t o  
touchdown 
Terminal A i r  T r a f f i c  Control--The t r a n s i t i o n  from enroute  
f l i g h t  t o  f i n a l  approach. 
Subsequent s e c t i o n s  of  t h i s  chap te r  desc r ibe  t h e  r e s u l t s  of t h e s e  
i n v e s t i g a t i o n s  
3 2 AIR COLLISION AVOIDANCE 
The c u r r e n t  problems concerning mid-air  and near  mida i r  c o l l i s i o n s  
have r e s u l t e d  i n  a number of devices  and procedures t o  avert .  a c o l l i s i o n  
s i t u a t i o n .  Recent developments have s p e c i f i e d  t h e  f i r s t  gene ra t ion  
proposals .  
The most developed system is  t h e  t ime-frequency 1 c o l l i s i o n  avoidance 
system (CAS), It i s  based upon a h igh ly  a c c u r a t e  cesium c lock  which is  
capable  of  s eg rega t ing  s i g n a l s  of  a l l  a i r c r a f t  i n  a n  a r e a ,  such t h a t  on 
board c a l c u l a t i o n s  of  s e p a r a t i o n  parameters a r e  poss ib l e  f o r  as many as 
2,000 a i r c r a f t  every t h r e e  seconds 
ground based c locks  t o  n e u t r a l i z e  t h e  a i r c r a f t ' s  t ime e r r o r s .  
2 They system r e q u i r e s  very  accu ra t e  
Below i s  l i s t e d  t h e  advantages and disadvantages of t h i s  system. 
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Advantages: 
I, It is  capable  of handl ing m u l t i p l e  a i r c r a f t ,  
2 ,  Range rate i s  accu ra t e ly  achieved,  
3. Other nav iga t iona l  a i d s  could be incorpora ted ,  
Disadvantages : 
1. The c o s t  of t h e  system i n  p r o h i b i t i v e  t o  genera l  a v i a t i o n ,  
Minimum c o s t  i s  es t imated  a t  about $4000 per u n i t ,  
2, The c lock  synchronous system may be d i f f i c u l t  t o  implement 
due t o  i t s  precise na tu re  and ex tens ive  ground equipment. 
3, The system s t i l l  uses  an  exchange of  he igh t s  based upon 
barometr ic  measurements and i t s  a s soc ia t ed  e r r o r s ,  
The c o s t  o f  t h e  above system has l ed  t o  a d i f f e r e n t  concept f o r  
genera l  a v i a t i o n ,  This  system i s  based upon a Zenon beam of l i g h t  
warning t h e  p i l o t  o f  a small a i r c r a f t  i n t r u d e r  w i th in  a c e r t a i n  area of 
t h i s  a i r c r a f t O 3  The r e l a t i v e  m e r i t s  of t h i s  system a r e  l i s t e d  below: 
Advantages: 
1, Mul t ip l e  a i r c r a f t  can be observed, 
2 ,  Cost of  t h i s  system i s  less than  t h e  t ime frequency system 
($1,500-2,000) 
3,  N o  signals i n  t h e  commonly used r a d i o  f requencies  are employed, 
Disadvantages:  
1, Only VFR t r a f f i c  cond i t ions  are considered.  
2 ,  Fa l se  and missed alarm r a t e s  are high due t o  inaccuracy of 
equipment, 
The VPR c o n s t r a i n t  upon t h e  system is  t h e  most s e r i o u s ,  Those 
who advocate  t h e  system r e l y  on p a s t  mid-air  c o l l i s i o n  da ta  which 
i n d i c a t e s  t h a t  most c o l l i s i o n s  occur under VFR cond i t ions ,  
A second genera t ion  system now on t h e  drawing board a t  RCA 
incorpora tes  c o l l i s i o n  avoidance wi th  ground c o n t r o l l e r  a c t i v i t i e s ,  The 
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4 system, c a l l e d  SECANT-B (Separat ion Control  of  A i r c r a f t  by Monsynchronous 
Techniques) , a l lows  m u l t i p l e  a i r c r a f t  coverage by f i l t e r i n g  all s i g n a l s  
u n f i l  t h e  r i g h t  frequency s i g n a l  i s  rece ived ,  This  a l lows t h e  same 
s e p a r a t e  a i r c r a f t  t rea tment  as i n  t h e  t ime-frequency system a t  much 
less c o s t .  The v e r s i o n s  of t h i s  system range from a $500 p i l o t  warning 
system f o r  genera l  a v i a t i o n  t o  a $10,000 t o  $20,000 CAS f o r  a i r -carr iers  
and even tua l ly  t o  a n  on board t r a f f i c  monitor ing system coordinated 
wi th  the  ground c o n t r o l ,  A l i s t i n g  of i t s  advantages and disadvantages 
follows: 
Advantages: 
1. Cost t o  gene ra l  a v i a t i o n  is  w e l l  below t h a t  of prev ious ly  
def ined  systems, 
2.  Mul t ip l e  a i r c r a f t  coverage i s  s t i l l  poss ib l e ,  
3 ,  A l l  ve r s ions  are compatible wi th  one ano the r .  
Disadvantages : 
1. System i s  s t i l l  on paper and t e s t e d  v e r s i o n s  may s t i l l  
prove d i sappo in t ing ,  
2 ,  System may be t o o  l a t e  t o  be employed as t h e  s o l u t i o n  
t o  t h e  immediate problem, 
One b a s i c  method of hazard eva lua t ion  has evolved, This  method 
must a l low ample  t i m e  f o r  maneuvers a f t e r  warning t h e  p i l o t ,  It i s  
f e l t  t h a t  t h e  r e l a t i v e  range and v e l o c i t i e s  must a l low a cer ta in  m i s s  
d i s t a n c e  t h a t  must never be v i o l a t e d ,  Shown i n  F igure  3 . 1  i s  t h e  geometry 
of t h e  i n t e r a c t i o n  among a i r c r a f t ,  
The mathematical  express ion  f o r  m i s s  d i s t a n c e  is: 
The above equat ion  h o l d s  when a hazard e x i s t s .  Here x inc ludes  minimum 
m i s s  d i s t a n c e ,  a t e r m  used t o  compensate f o r  poss ib l e  a c c e l e r a t i o n s  of 
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of AIC 2 relative to 
n of AIC 2 retative to AIC I 
Figure 3.1 
Collision Alarm Geometry 
a i r c r a f t  and range r a t e  e r r o r .  Since range and range r a t e  a r e  t h e  only  
measurements, t h e  c r i t e r i o n  f o r  hazard becomes: 
2 2  r + fT CE U (T - Tc ) + Other Terms 
-2 
where: 
U = combined maximum allowed a i r c r a f t  a c c e l e r a t i o n  f o r  both planes 
T = Tau ( t i m e  t o  c o l l i s i o n ) ,  
T c  = t i m e  due t o  d a t a  process ing .  
Other terms - inc lude  compensation f o r  e r r o r s  i n  measurements and 
t h e  minimum m i s s  d i s t a n c e ,  
This  i s  c a l l e d  t h e  modified t a u  c r i t e r i o n  and can be represented  
g raph ica l ly  by a c a r d i o i d .  A common system c r i t e r i o n  is  shown i n  
F igure  3 . 2 .  The shortcoming wi th  t h i s  method i s  t h a t  l a r g e  a r e a s  
about  t h e  a 2 r c r a f t  are enclosed by t h e  c a r d i o i d .  This  r e s u l t s  i n  
numerous alarms which do not r ep resen t  a t r u e  hazard.  
The f u t u r e  CAS systems w i l l  fol low one of two s o l u t i o n s .  The on- 
board systems descr ibed  previous ly  show t h e  g r e a t e s t  amount of development. 
Another idea  t h a t  shows promise f o r  f u t u r e  use  i s  aground base2 
eva lua t ion  system wi&h alarm s t a t u s  being updated t o  each a i r c r a f t  v i a  
da t a - l i nk .  
The advantage of a ground based system i s  t h a t  one can  u t i l i z e  t h e  
increased amount of  d a t a  and accuracy of t h e  ground measuring system. 
Future  te rmina l  area a i r  t r a f f i c  c o n t r o l  u s ing  t h i s  t r i - l a t e r a t i o n  
system can determine a c c u r a t e l y  the  p o s i t i o n  and v e l o c i t y  vec to r  of  
each a i r c r a f t  i n  t h e  area,  The a d d i t i o n  of t h e  V8 component reduces 
t h e  alarm region  descr ibed  by systems which use  range and range r a t e  
a lone .  F igu re  3 , 3  shows an example of a c o n f l i c t  s i t u a t i o n  being 
evaluated by both types of hazard region.  The inner  curve  is  t h e  
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T = TO is t he  initia r m  to level off. 
To = t ime to 1 off 
+ t ime for servo delay 
-1- t ime for ar r iva l  
+ t i m e  due to r er 
a roll out 
t 
Figure 3 . 2  
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Hazard Criterion E 
1 \- Curve 1 
time) 
AIC I 
Curve I Tau Cardioid 
Range and range rate measured 
Collision hazard 
R + rTe 1.54 nm 
Curve 2 H a ~ a r d  Teardrop 
F i g u r e  3 .3  
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c o n f l i c t  reg ion  f o r  a s e t  o f  a i r c r a f t  i n  which t h e  t o t a l  v e l o c i t y  v e c t o r s  
are  known 
One can s t i l l  approximate Ve us ing  t h e  on board equipment. 
done by d i f f e r e n t i a t i n g  t h e  r a d i a l  component r with r e spec t  t o  t i m e .  
This y i e l d s  r .  The normal v e l o c i t y  component i s  then  ca l cu la t ed  by: 
This i s  
* .  5 
V e = 7 / r  (3 * 3) 
The f u t u r e  of a i r  c o l l i s i o n  avoidance is c l o s e l y  r e l a t e d  t o  a i r  
t r a f f i c  c o n t r o l  procedures.  It i s  safe t o  p r e d i c t  t h a t  automation and 
o t h e r  improvements i n  the  t r a f f i c  c o n t r o l  techniques w i l l  reduce t h e  
p o s s i b i l i t i e s  of  s e p a r a t i o n  v i o l a t i o n  i n  t h e  c o n t r o l l e d  airspace. This 
p laces  t h e  recommended c o l l i s i o n  alarm and maneuver system i n t o  a back-up 
ope ra t fon ,  
3 , 3  LANDING AND TAKEOFF 
The approach used t o  s tudy  t h e  a i rc raf t - runway subsystem w a s  t o  
i n v e s t i g a t e  t h e  b a s i c  r e l a t i o n s h i p s  of t h e  subsystem, acknowledge t h e  
i n t e r f a c e  cons ide ra t ions ,  and c o n s t r u c t  a performance meodel, The per -  
formance c a p a b i l i t y  of  t h e  system i s  measured as a func t ion  of i d e n t i f i a b l e  
phys ica l  parameters, t h e  o b j e c t i v e  being t o  maximize t h e  a i r p o r t  capac i ty  
by improving t h i s  c a p a b i l i t y ,  
The b a s i c  r e l a t i o n s h i p s  of  t h e  subsystem are those  between phys ica l  
parameters of t h e  system components, i . e . ,  t h e  a i r c r a f t  and runway, 
The A i r c r a f t  
Considering t h e  wide spectrum of missions performed by a i r c r a f t ,  
t h e  performance c h a r a c t e r i s t i c s  vary  widely,  
i s t i c s  which d i r e c t l y  a f f e c t  t h e  a i rc raf t - runway subsystem are: 
Those performance cha rac t e r -  
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1, Landing Speed, The forward speed of  t he  a i r c r a f t  when it 
con tac t s  t h e  ground and begins  t h e  t r a n s i t i o n  from an  a i r  
v e h i c l e  t o  a ground v e h i c l e .  
2 .  Dece lera t ion .  The change i n  v e l o c i t y  from landing speed t o  
turnof f  speed 
3 .  Turnoff Speed. The forward speed of  t h e  a i r c r a f t  when it 
leaves  t h e  landing su r face  and t u r n s  onto t h e  taxiway. The 
tu rnof f  speed depends upon t h e  type of  runway e x i t s .  
4 ,  Dis tance  Down t h e  Runway t o  Landing. The d i s t a n c e  from 
runway threshold  t o  touchdown poin t .  The threshold  is  
def ined f o r  t h e s e  purposes as t h a t  po in t  where t h e  a i r -  
c r a f t  i s  committed t o  l a n d  and-from which a waveoff 
cannot be executed.  
5,  Entrance Speed. The forward speed of t he  a i r c r a f t  when i t  
e n t e r s  t h e  t akeof f  su r f ace  and a l i g n s  f o r  beginning takeoff  
r o l l  .
6.  Takeoff Speed. The forward speed of  t h e  a i r c r a f t  when it 
l i f t s  o f f  t h e  runway. 
7 Acce le ra t ion  A f t e r  L i f t o f f .  The continued inc rease  from 
takeoff  speed dur ing  t h e  cl imbout .  
The Runway 
The runway i s  i n t e r n a t i o n a l l y  def ined as Ita (def ined)  r ec t angu la r  
a r ea  on a land aerodrome prepared f o r  t h e  landing and takeoff  of a i r c r a f t  
a long i t s  length."  
Funct iona l ly ,  t h e  runway provides  a channel through which t:he a i r -  
to-ground t r a n s i t i o n  of  t r a f f i c  can  be achieved,  It is t h i s  s i n g l e  
channel ,  one d i r e c t i o n a l  c h a r a c t e r i s t i c  a.t which t r a f f i c  converges and 
d iverges  t h a t  makes it a bo t t l eneck  even when it. i s  ope ra t ing  below 
capac i ty  . 
The runway capac i ty  l a r g e l y  d i c t a t e s  t h e  s i z e  and na tu re  of a l l  
o the r  a i r p o r t  s e r v i c e s  provided,  
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The Landing Operat ion 
I n  t h e  landing  ope ra t ion ,  a i r c r a f t  a re  accepted from t h e  approach 
subsystem a t  t h e  threshold  of  t h e  runway, make con tac t  some d i s t a n c e  
down t h e  runway, d e c e l e r a t e ,  and e x i t  t o  t h e  taxiway/ terminal  subsystem. 
The a i r c r a f t  performance c h a r a c t e r i s t i c s  a f f e c t i n g  subsystem 
c a p a b i l i t y  i n  landing  a re :  
1. Landing speed 
2 Dece lera t ion  
3 .  Turnoff speed 
4 ,  Dis tance  down t h e  runway t o  landing 
Decelera t ion  on t h e  runway i s  assumed t o  be cons t an t ,  a good 
approximation i f  t h r u s t  r e v e r s a l  i s  not  used. Thrust  r e v e r s a l  r ep resen t s  
a n  extra margin of  performance. 
The Runway Performance 
The runway performance c h a r a c t e r i s t i c s  a f d e c t i n g  subsystem c a p a b i l i t y  
i n  landing are: 
1. Runway ex i t  type 
2.  E x i t  l o c a t i o n  
3 .  Taxfway/terminal acceptance rate 
Runway ex i t  type  c h a r a c t e r i s t i c s  include:  
1. Angle of t u rno f f  
2 ,  Radius of cu rva tu re  of t h e  t u r n o f f  
3 Width 
Ex i t  l o c a t i o n  is  optimized when e x i t s  a r e  loca ted  f o r  t h e  h ighes t  poss ib l e  
tu rno f f  speed a t  t h e  i d e a l  l o c a t i o n .  
I f  t he  a i r c r a f t  performance c h a r a c t e r i s t i c s  a r e  s p e c i f i e d  i n  t e r m s  
of touchdown s p e e d ,  d e c e l e r a t i o n ,  and tu rnof f  s p e e d ,  (a func t ion  of e x i t  
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type) wi th  t h e  ex i t s  i d e a l l y  loca t ed ,  t h e  minimum runway occupancy 
t i m e  can be determined. This  i s  i l l u s t r a t e d  i n  F igure  3 . 4 .  
Figure 3 . 4  A i r c r a f t  Landing C h a r a c t e r i s t i c s ,  Given E x i t  Loca t ion  
and Type, and Runway Occupancy T i m e  
I f  t h e  a i r c r a f t  performance c h a r a c t e r i s t i c s  are  s p e c i f i e d  t h e  
e f f e c t s  o f  a r b i t r a r y  e x i t  l o c a t i o n  on minimum runway occupancy t i m e  
can be determined. Figure 3 .5  d i s p l a y s  t h i s  procedure.  
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Figure  3 . 5  A i r c r a f t  Landing C h a r a c t e r i s t i c s ,  I d e a l  E x i t  Locat ion 
For Given Exit  Type and Minimum Runway Occupancy Time  
The t o t a l  runway occupancy t i m e  i s  t h e  sum of  t h e  minimum runway 
occupancy time and t h e  t i m e  requi red  t o  f l y  from t h e  threshold  to 
touchdown. T i m e  from threshold  t o  touchdown i s  t h e  d i s t a n c e  from 




Tota l  Runway Occupancy Time 
The maximum hour ly  capac i ty  of t h e  a i r c r a f t  runway subsystem i s  
def ined as  t h e  r a t i o  of t i m e  i n t e r v a l  t o  mean runway occupancy t i m e .  Mean 
runway occupancy t ime ! s  obtained by computing t o t a l  runway occupancy t imes 
f o r  each performance ca tegory  of a i r c r a f t  and computing a weighted average 
of occupancy t i m e s  over t h e  percentage d i s t r i b u t i o n  of a i r c r a f t  p e r -  







maximum hour ly  capac i ty  of a i r c r a f t  runway subsystem. 
‘mi, + k~ 
= minimum time between touchdown and tu rnof f  
time over  runway p r i o r  t o  touchdown 
I n t e r f a c e b s y s  tem 
IFR r u l e s  governing the  approach t o  the  runway requi re :  
1. A minimum s e p a r a t i o n  d i s t a n c e  between a l l  a i r c r a f t  i n  t h e  
approach c o r r i d o r .  
2 ,  The p o s i t i o n  of  t h e  previous ope ra t ion  before  another  ope ra t ion  
i s  accepted i n t o  t h e  subsystem, 
These r u l e s  r e f l e c t  t h e  accuracy of t h e  c o n t r o l  and naviga t ion  
subsystems as w e l l  as a i r c r a f t - p i l o t  and c o n t r o l - c o n t r o l l e r  subsystem 
response 
Current  s p e c i f i c  IPR radar  r u l e s  requi re :  
1. Minimum s e p a r a t i o n  d i s t a n c e  of t h r e e  mi l e s  
2 ,  That a landed a i r c r a f t  s h a l l  have turned o f f  t he  runway before  
t h e  approaching a i r c r a f t  c ros ses  t h e  runway threshold .  
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3 m i l e s  3 m i l e s  
Approaching 
A i r c r a f t  
\ 
Landed A i r c r a f t  
F igure  3 . 6  FAA Approach Control  Rules (IFR) S ing le  Runway 
I n t e r a r r i v a l  t i m e  i s  a func t ion  of approach speed and s e p a r a t i o n  
d i s t ance .  This  r e l a t i o n s h i p  is i l l u s t r a t e d  below i n  F igure  3 . 7 .  
Figure  3 - 7  Airplance  C h a r a c t e r i s t i c s  And Approach Control  
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I f  a l l  a i r c r a f t  i n  t h e  system have equal  approach speeds t h e  
s e p a r a t i o n  w i l l  be cons t an t  throughout t h e  approach. I f  t h e  approach 
speeds of  succeeding a i r c r a f t  a r e  not  equal ,  t h e  s e p a r a t i o n  d i s t a n c e  w i l l  
be e i t h e r  opening o r  c l o s i n g  dur ing  t h e  approach in t roducing  an  a d d i t i o n a l  
t i m e  pena l ty  when a slow a i r c r a f t  fol lows a f a s t  a i r c r a f t .  
The mean i n t e r a r r i v a l  t i m e  i s  a func t ion  of approach speed, 
s e p a r a t i o n  d i s t a n c e ,  and frequency d i s t r i b u t i o n  of  a i r c r a f t  p a i r s  wi th  
un l ike  approach speeds.  The frequency of  occurrence Qf  un l ike  speeds 
can be taken  as i t s  n a t u r a l  frequency of occurrence o r  it can be modified 
by c o n t r o l  measures such as seg rega t ing  t r a f f i c  i n t o  speed blocks.  
The maximum hour ly  capac i ty  of t h e  a i r c ra f t - approach  subsystem is  
def ined i n  t e r m s  o f  t h e  mean i n t e r a r r i v a l  t i m e .  The fol lowing equat ion  
r e s u l t s :  
where: C 2  = maximum hour ly  capac i ty  of a i r c r a f t  approach subsystem 
T a  = mean i n t e r a r r i v a l  time (min,) ,  
Subsystem Dependence 
The b a s i c  subsystem dependence i s  t h e  r e l a t i o n s h i p  of runway 
occupancy t i m e  and i n t e r a r r i v a l  t i m e ,  A comparison of t h e  runway 
occupancy time and t h e  i n t e r a r r i v a l  t i m e  i s  made t o  a s c e r t a i n  whether 
t he  system is  i n  balance.  To i l l u s t r a t e  t h e  s e n s i t i v i t y  of landing 
capac i ty  t o  approach/ landing speed, d e c e l e r a t i o n ,  and approach separa- 
t i o n ,  t h e  landing capac i ty  of a runway f o r  t h r e e  m i l e  approach spacing 
and a combination of e x i t  des ign  and a i r c r a f t  c a p a b i l i t y  permi t t ing  
d e c e l e r a t i o n  of 9 f t / s e c .  and ex i t  v e l o c i t y  of 60 knots  wi th  i d e a l  




Figure  3 . 8  Landing Capacity Versus Approach/Landing Speed 
The two curves  d e f i n e  t h e  upper l i m i t  of  l anding  capac i ty .  It 
can  b e  seen  t h a t  t h e  approach spac ing  i s  r e s t r i c t i v e  f o r  an  approach 
speed below 260 knots  and runway occupancy t i m e  i s  r e s t r i c t i v e  above. 
By vary ing  t h e  approach spac ing  and d e c e l e r a t i o n  t h e  landing  
c a p a c i t y  can be  changed. More important,  t h e  approach speed a t  which 
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runway occupancy t i m e  becomes r e s t r i c t ive  is decreased with decreased 
approach s e p a r a t i o n .  The r e s u l t  i s  shown i n  F igure  3 . 9 .  
0 100 200 300 400 
Approach/Landing Speed (knots) 
F igure  3 . 9  Landing Capacity v s .  ApproachlLanding Speed, 60 Knot Ex i t  
Speed 
The Takeoff Operat ion 
I n  t h e  takeoff  o p e r a t i o n  a i r c r a f t  a re  accepted from t h e  t a x i -  
way/terminal subsystem, accelerate i n  a ground r o l l ,  become a i r b o r n e  
a t  takeoff  speed, and a c c e l e r a t e  a i r b o r n e  t o  e n t e r  t h e  depar ture  
subsystem. 
97 
The a i r c r a f t  performance c h a r a c t e r i s t i c s  a f f e c t i n g  subsystem 
c a p a b i l i t y  i n  takeoff  a re :  
1. Entrance speed 
2.  Acce le ra t ion  t o  l i f t o f f  
3 .  Takeoff speed 
4 .  Acce le ra t ion  a f t e r  l i f t o f f  
The runway performance c h a r a c t e r i s t i c s  a f f e c t i n g  subsystem capa- 
b i l i t y  i n  landing a re  runway ent rance  type  and taxi-wayl terminal  
de l ive rance  r a t e .  Runway ent rance  type c h a r a c t e r i s t i c s  include:  
1. Angle of -turn on 
2 .  Radius of cu rva tu re  of t u r n  
3 Width 
I f  t he  a i r c r a f t  performance c h a r a c t e r i s t i c s  a r e  s p e c i f i e d  i n  t e r m s  
of a c c e l e r a t i o n  and takeoff  speed and runway ent rances  a r e  such t h a t  
t h e  a i r c r a f t  s t a r t s  t h e  t akeof f  r o l l  a t  approximately zero speed, t h e  
minimum phys ica l  runway occupancy t i m e  a s  we l l  as  takeoff  d i s t a n c e  can  
be determined (See f i g u r e  3.10) 
I n t e r f a c e  With Aircraf t -Depar ture  Subsystem 
IFR r u l e s  governing t h e  depa r tu re  of a i r c r a f t  r equ i r e :  
1. A minimum s e p a r a t i o n  d i s t a n c e  between a i r c r a f t  i n  t h e  depar ture  
phase 
2 .  The p o s i t i o n  of t h e  previous ope ra t ion  i n  t h e  a i rc raf t - runway 
subsystem before  another  ope ra t ion  is  en tered  e 
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Figure 3.10 A i r c r a f t  C h a r a c t e r i s t i c s  and Minimum Phys ica l  Runway 
Occupancy T i m e  
Current  s p e c i f i c  IFR r u l e s  s p e c i f y  t h a t :  
1. An a i r c r a f t  t a k i n g  o f f  s h a l l  have l i f t e d  o f f  t h e  runway 
before  t h e  following a i r c r a f t  may begin takeoff  r o l l .  
2. A minimum d i s t a n c e ,  based on t h e  s i z e  o f  a i r c r a f t  involved, 
b e f o r e  t h e  fol lowing a i r c r a f t  may begin takeoff  r o l l .  
Because t h e  s e p a r a t i o n  d i s t a n c e  of a i r c r a f t  i s  g e n e r a l l y  less 
than  t h e  minimum s e p a r a t i o n  d i s t a n c e ,  "e f fec t ive"  runway occupany 
t i m e  i s  g e n e r a l l y  g r e a t e r  than  t h e  a c t u a l  runway occupancy t i m e .  
I f  t h e  a i r c r a f t  performance c h a r a c t e r i s t i c s  are s p e c i f i e d  and 
runway ent rance  are such t h a t  t h e  a i r c r a f t  s ta r t s  t h e  takeoff  r o l l  
a t  approximately ze ro  speed, t h e  runway occupancy t i m e  f o r  given 
s e p a r a t i o n  d i s t a n c e  can be determined by t h e  method shown i n  F igure  3.11. 
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SPEED AT GIVEN 
ACCELERATION OCCUPANCY TIME GIVEN DISTANCE 
I Dl I 
Figure  3 .11  A i r c r a f t  C h a r a c t e r i s t i c s ,  Runway Occupancy Rule and 
Minimum Occupancy Time  (Departure) 
Mixed Operations On A S ing le  Runway 
When both landing  and t akeof f  ope ra t ions  a re  executed from t h e  
same runway, t h e  IFR r u l e s  i n t e r f a c i n g  t h e  a i rc raf t - runway subsystem 
are  s t i l l  app l i cab le .  They r equ i r e :  
1. A minimum s e p a r a t i o n  d i s t a n c e  between a l l  a i r c r a f t  i n  t h e  
approach c o r r i d o r  be maintained. 
2.  A minimum s e p a r a t i o n  d i s t a n c e  between a i r c r a f t  i n  t h e  
depa r tu re  phase be  maintained. 
3 .  The p o s i t i o n  of t h e  previous a i r c r a f t  i n  t h e  subsystem be 
approved be fo re  another  ope ra t ion  is  en te red .  
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To i n t e g r a t e  mixed ope ra t ions ,  t he  las t  r u l e  s p e c i f i e s  t h a t  a 
depa r t ing  a i r c r a f t  may not  begin takeoff  u n t i l  t h e  a i r c r a f t  l anding  
before  it ha6 e x i t e d  t h e  runway. Moreover, an  a r r i v i n g  a i r c r a f t  
may no t  c r o s s  t h e  runway threshold  u n t i l  t h e  a i r c r a f t  depa r t ing  
before  i t  has  l i f t e d  from t h e  runway, r e s u l t i n g  i n  a s e p a r a t i o n  
d i s t a n c e  requi red  f o r  t h e  i n s e r t i o n  of a depa r tu re  g r e a t e r  t han  t h a t  
requi red  f o r  a series of  a r r i v a l s .  (See Figure  3.12) 
Separa t ion  f o r  
L I n s e r t i o n  of  J 
Departure  
Arrival?- sa 
Figure  3 . 1 2  Mixed Operat ion Separa t ion  
Time-distance r e l a t i o n s  among a r r i v i n g  and depa r t ing  a i r c r a f t  
us ing  t h e  same runway can  be d isp layed  by a d i s t a n c e  versus  t i m e  p l o t  
as shown i n  Figure 3.13 .  A i r c r a f t  speed i s  represented  by t h e  s lope ,  
and a c c e l e r a t i o n  by t h e  r ad ius  o f  cu rva tu re  of t h e  p o s i t i o n  p l o t .  An 
a r r i v i n g  a i r c r a f t  c ros ses  t h e  runway threshold  a t  zero  d i s t a n c e ,  
s h o r t l y  t h e r e a t e r  makes con tac t  wi th  t h e  runway, d e c e l e r a t e s ,  and 
ex i t s .  A f t e r  t h e  a r r i v i n g  a i r c r a f t  has e x i t e d  t h e  runway, a depa r t ing  
a i r c r a f t  begins  i t s  takeoff  roll. ,  accelerates t o  takeoff  speed, 
f u r t h e r  accelerates, and e x i t s  t h e  runway subsystem. Because a 
subsequent a r r i v a l  may c r o s s  t h e  threshold  a t  t h e  t i m e  t h a t  t he  
preceding depa r tu re  l i f t s  o f f ,  t h e r e  i s  an  over lap  of runway 
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Figure 3.13 Time-Distance Rela t ions  Among Arr iving And Departing Ai rc r . l f i  
occupancy times a v a i l a b l e .  Any a r r i v a l  t h a t  c r o s s e s  t h e  th re sho ld  a t  
a t i m e  a f t e r  t h e  optimum r e p r e s e n t s  a de l ay  and such non-optimum 
a r r i v a l s  decrease  runway capac i ty .  
P a r a l l e l  And Dual Runways 
From t h e  d i s t a n c e  ve r sus  t i m e  p l o t  of a i r c r a f t  p o s i t i o n s  i n  
a r r i v i n g  and depa r t ing ,  it is  ev iden t  t h a t  i n c r e a s e s  i n  runway capac i ty  
would be p o s s i b l e  i f  an a i r c r a f t  were r e l eased  f o r  t akeof f  immediately 
a f t e r  a n  a r r i v i n g  a i r c r a f t  has touched down on t h e  runway. 
depa r t ing  a i r c r a f t  could then  accelerate t o  l i f t  o f f  speed on t h e  
runway whi l e  t h e  preceding a r r i v i n g  a i r c r a f t  i s  d e c e l e r a t i n g  t o  ex i t  
speed. 
The 
C l e a r l y ,  t h e  requirement t h a t  on ly  one a i r c r a f t  occupy t h e  runway 
a t  a t i m e  p r o h i b i t s  t h i s  scheme. The dua l - lane  runway circumvents 
t h i s  r e s t r i c t i o n  on t h e  runway by s e p a r a t i n g  t h e  a r r i v i n g  and 
depa r t ing  a i r c r a f t  on t h e  runway, bu t  not i n  t h e  a i r .  
c o n s i s t s  o f  two ad jacen t  p a r a l l e l  runways t h a t  a re  in te rdependent  i n  
ope ra t ion  wi th  a r r i v a l s  and depa r tu re s  segrega ted .  
i s  shown i n  F igure  3 . 1 4 .  
This c o n f i g u r a t i o n  
This  c o n f i g u r a t i o n  
F igure  3.14 Conf igura t ion  of Dual Lane Runways 
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I f  dua l  runways a re  separa ted  l a t e r a l l y  so t h a t  opera t ions  a r e  no 
longer  interdependent ,  a p a r a l l e l  runway conf igu ra t ion  r e s u l t s .  While 
opera t ions  a re  segregated i n  t h e  dua l  system, mixed opera t ions  a re  
conducted on t h e  p a r a l l e l  system, r e s u l t i n g  i n  two independent mixed 
ope ra t ion  runways loca ted  a t  t h e  same f a c i l i t y .  This  system i s  displayed 
i n  F igure  3.15. 
The amount of s e p a r a t i o n  requi red  f o r  independent runway ope ra t ions  
i s  a func t ion  of  system c a p a b i l i t y  t o  measure and d i sp lay  p o s i t i o n  and 
the  p i l o t - a i r c r a f t  a b i l i t y  t o  main ta in  pos i t i on .  The conf igu ra t ion  
which promises t o  provide t h e  g r e a t e s t  capac i ty  and f l e x i b i l i t y  i s  
p a r a l l e l  arrangements of  dua l  runway systems. This  conf igu ra t ion  has  
t h e  s i m p l i c i t y  of segregated ope ra t ions  t o  dependent runways wi th  
increased capac i ty  gained from m u l t i p l e  runways. 
Wake Vor t ices  and Separa t ion  
The d i r e c t  e f f e c t  of wake v o r t i c e s  on runway capac i ty  w i l l  now be 
considered.  (For a more complete t reatment  of wake v o r t i c e s ,  r e f e r  t o  
s e c t i o n  2.5) 
A n  a n a l y t i c a l  express ion  f o r  vo r t ex  s t r e n g t h ,  r ,  is: 
r =  L '  
PV 
where: 
L f  = - is  t h e  weight per  u n i t  span length  df  t h e  a i r c r a f t ,  
b 
p = a i r  dens i ty ,  
( 3 . 7 )  
V = v e l o c i t y  of  t h e  a i r c r a f t .  
c l e a r l y ,  f o r  cons t an t  a i r c r a f t  weight and conf igu ra t ion  and a i r  
d e n s i t y ,  t h e  vo r t ex  s t r e n g t h  is  inve r se ly  p ropor t iona l  t o  the  a i r c r a f t  
v e l o c i t y  i n  f l i g h t .  
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T- 
Figure 3.15 Parallel Dual Runway Configurations 
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I n  a takeoff  o r  landing s i t u a t i o n ,  however, where a i r c r a f t  weight 
i s  p a r t i a l l y  supported by t h e  gear  on the  runway, t h e  l i f t  i s  c o r r e -  
spondingly smal le r  t h a t  a i r c r a f t  weight ,  I n  t akeof f ,  as t h e  a i r c r a f t  
speed b u i l d s  from zero t o  l i f t o f f  s p e e d ,  t he  vo r t ex  generated b u i l d s  
from zero t o  a maximum a t  a i r c r a f t  l i f t o f f ,  then  decreases  s l i g h t l y  as 
t h e  a i r c r a f t  a c c e l e r a t e s  i n  depar ture .  I n  t h e  landing,  t h e  vo r t ex  
s t r e n g t h  w i l l  be maximum dur ing  t h e  approach. Following touchdown, a s  
t he  a i r c r a f t  d e c e l e r a t e s ,  t h e  vo r t ex  s t r e n g t h  decreases  t o  a minimal 
l e v e l  dur ing  h igh  speed t a x i .  
The wake v o r t i c e s  generated by a r r i v i n g  a i r c r a f t  are  cha rac t e r i zed  
by being some maximum s t r e n g t h  throughout t h e  approach and then  
r ap id ly  decreas ing  a t  touchdown, j u s t  down t h e  runway from the  threshold ;  
while  t h e  wake vo r t ex  generated by depa r t ing  a i r c r a f t  a r e  cha rac t e r i zed  
by bu i ld ing  from zero  near  t he  threshold  t o  a maximum a t  l i f t o f f ,  we l l  
down t h e  runway, 
Thus, an  a r r i v i n g  a i r c r a f t  t r a v e r s e s  i n  f l i g h t  t h a t  po r t ion  of t h e  
runway where the  wake vo r t ex  generated by a depa r t ing  a i r c r a f t  i s  a 
minimum, and t r a v e r s e s  on landing r o l l o u t  t h a t  po r t ion  where it i s  a 
maximum. Likewlse,  a depa r t ing  a i r c r a f t  t r a v e r s e s  on takeoff  r o l l  
t h a t  po r t ion  of t h e  runway where t h e  wake vo r t ex  generated by a n  
a r r i v i n g  a i r c r a f t  i s  a maximum and t r a v e r s e s  i n  f l i g h t  t h a t  po r t ion  
where i t  i s  a minimum, Therefore ,  under cond i t ions  where a i r c r a f t  
s epa ra t ion  i n  t h e  a r r i v a l  o r  depa r tu re  phase i s  d i c t a t e d  by wake vo r t ex  
s t r e n g t h  cons ide ra t ions ,  t h i s  may be t h e  l i m i t i n g  f a c t o r  on runway 
capac i ty  i n  segregated opera t ions .  I n  t h i s  ca se ,  runway capac i ty  i s  
increased by mixing opera t ions  on two independent runways, r a t h e r  than  
by seg rega t ing  ope ra t ions .  
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Runway E x i t  Design 
Runway e x i t  type  and e x i t  l o c a t i o n  have been i d e n t i f i e d  as performance 
c h a r a c t e r i s t i c s  a f f e c t i n g  the  subsystem c a p a b i l i t y  f o r  landing.  Runway 
e x i t  types  a r e  eva lua ted  by t h e  speed a t  which a i r c r a f t  a re  capable  of  
e x i t i n g .  Fac tors  a f f e c t i n g  t h i s  speed a re :  
1. Angle of  t u rno f f  
2.  Radius of curva ture  of  t h e  t u r n  
3.  LJidfh % . .  . I  
Exits .would i d e a l l y  be loca ted  a t  a d i s t a n c e  down the  runway a t  which 
t h e  a i r c r a f t  reaches e x i t  speed, us ing  a i r c r a f t  des ign  dece le ra t ion .  
The s i m p l e s t  runway e x i t  des ign  employs a s i n g l e  r i g h t  angle  e x i t  
taxiway a t  t he  upwind end of  t h e  runway, r e q u i r i n g  a l l  a i r c r a f t  t o  
r o l l o u t  t h e  f u l l  l eng th  of t h e  runway before  e x i t i n g .  Only s l i g h t l y  
improved are  runways t h a t  employ a few r i g h t  ang le  e x i t s  spaced 
p e r i o d i c a l l y  down t h e  runway length .  Although a i r c r a f t  have t h e  op t ion  
of e x i t i n g  p r i o r  t o  t h e  end of  t h e  runway, t h e  e x i t  speed remainis 
r e s t r i c t i v e l y  s m a l l .  
To inc rease  e x i t  speed, t h e  angle  of t h e  e x i t  must be more nea r ly  
a l igned  wi th  t h e  runway c e n t e r l i n e  and t h e  r ad ius  of curva ture  f o r  t h e  
t u r n  t o  t h e  e x i t  must be l a r g e .  I n  a l l  ca ses ,  t h e  e x i t  must be wide 
enough t o  acFommodate a n  a i r c r a f t  t r a v e l i n g  a t  t h e  design speed. 
The requirements f o r  m u l t i p l e  e x i t  l o c a t i o n s  and angled exi ts  
have r e s u l t e d  i n  a des ign  u t i l i z i n g  a continuous ex tens ion  of t h e  runway 
on one s i d e  which al lows a i r c r a f t  t o  " d r i f t  o f f "  t h e  landing  su r face  a t  
t h e  h i g h e s t  e x i t  speed, anywhere a long  t h e  runway length .  This " d r i f t  
o f f :  e x i t  design w i l l  minimize t h e  runway occupancy time by g r e a t l y  
inc reas ing  t h e  ex i t  speed and opt imiz ing  e x i t  l oca t ion .  
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Runway Entrance Design 
Runway ent rance  type  has  been i d e n t i f i e d  as a performance 
c h a r a c t e r i s t i c  a f f e c t i n g  t h e  subsystem c a p a b i l i t y  f o r  t akeof f .  
Runway en t r ance  types are evaluated by t h e  speed a t  which a i r c r a f t  
are capable  of e n t e r i n g  and us ing  as a n  i n i t i a l  speed f o r  takeoff  
r o l l .  Fac to r s  a f f e c t i n g  t h i s  speed are,  as i n  runway e x i t  design: 
1. Angle of t u r n  on 
2 .  Radius of cu rva tu re  of  t h e  t u r n  
3 .  Width 
The s imples t  runway ent rance  des ign  employs a s i n g l e  r i g h t  hand 
en t rance  taxiway a t  t h e  downwind end of  t h e  runway, r equ i r ing  a l l  
a i r c r a f t  t o  e n t e r  a t  low speed and execute  a l a r g e  angle  change before  
being a l igned  f o r  t akeof f  r o l l .  The a i r c r a f t  i s  then  a b l e  t o  begin 
t h e  t akedf f  r o l l  a t  a h igher  speed shor ten ing  t h e  runway occupancy 
t i m e .  I l l u s t r a t i o n s  of d i f f e r e n t  types  of runway ent rances  and e x i t s  
follow. 
F igure  3 . 1 6  Runway With High Speed Turnoffs  
F igure  3 . 1 6  d e p i c t s  a convent ional  runway e n t r a n c e l e x i t  a t  t h e  
end of  t h e  runway requ i r ing  a n ine ty  degree heading change and slow 
t r a v e r s e  speed. This  runway a l s o  has  pe r iod ic  angled e x i t s .  
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Figure  3 . 1 7  Dr i f t -Off  Runway 
Figure 3.17 d e p i c t s  a h igher  capac i ty  runway wi th  both angled 
and convent ional  en t r ances  and a " d r i f t  o f f "  e x i t .  Both runways 
can be designed t o  a l low t h e  d i r e c t i o n  of  ope ra t ions  t o  be reversed.  
Crosswind Configurat ions 
Each runway o r  se t  of  dua l  o r  p a r a l l e l  runways inhe ren t ly  has  a b i -  
d i r e c t i o n a l  cha rac t e r ,  s o  t h a t  by r eve r s ing  t h e  d i r e c t i o n  of t r a f f i c  
flow, opera t ions  may always be conducted wi th  a t  least  no t a i l  wind. 
Crosswind runways are normally added t o  handle  a small percentage of 
t r a f f i c  when crosswind components of t h e  runway exceed a i r c r a f t  
c a p a b i l i t y .  
another  complete system of  runways may be requi red  wi th  a t t endan t  
dup l i ca t ion  i n  o t h e r  f a c i l i t i e s .  
t o  provide ope ra t iona l  c a p a b i l i t y  f o r  a l l  t r a f f i c  u s ing  t h e  a i r p o r t ,  
i s  apparent .  
s i t e  is  no t  so  apparent  and should be approached as a t rade-of f  t o  
increased crosswind c a p a b i l i t y .  
When winds vary  g r e a t l y  i n  both d i r e c t i o n  and s t r e n g t h ,  
The need f o r  a crosswind runway, 
The need t o  d u p l i c a t e  an  e n t i r e  system a t  a s i n g l e  
3 . 4  FINAL APPROACH PHASE 
The next  t h i r t y  yea r s  i n  a i r  t r a v e l  w i l l  show a g r e a t  i nc rease  i n  
t h e  number of enplanements with the  present  day approach-to-landing 
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system s t r a i n e d  by increased  landing demands. The system bo t t l eneck  is  
the  an t iqua ted  Instrument Landing System (ILS). 
A new system must s a t i s f y  c e r t a i n  needs and so lve  b a s i c  problems. 
The fol lowing is  a l i s t  f o r  ILS requirements t h a t  i nc rease  capac i ty  
and i n s u r e  s a f e t y .  79 8 
1. 
2, 
3 .  
4 .  
Increase  ve r t i ca l  coverage t o  inc lude  t h e  lower and h ighe r  
approach ang le s  necessary f o r  new concepts  i n  a i r c r a f t  
( i q e o 9  V/STOL,SST, a i r  carr ier  h e l i c o p t e r s ) ,  
El iminate  t h e  i n t e r f e r e n c e  a f f e c t  i n  t h e  present  day ILS 
due to ground o b j e c t  r e f l e c t i o n .  
Increase  measurement accuracy t o  t h r e e  dimensions f o r  
automated landing implementation and reduced approach area 
s e p a r a t i o n  c r i t e r i a .  Eventual ly ,  t h i s  w i l l  be used t o  guide 
a l l -weather  ope ra t ions .  
Inc lude  a scanning c a p a b i l i t y  which w i l l  a l low a v a r i e t y  of  
approaches t o  t h e  runway. This  w i l l  b e s t  u t i l i z e  t h e  
immediate a i r s p a c e  by providing an  e x t r a  s e p a r a t i o n  d i r e c t i o n ,  
a l lowing t r a j e c t o r y  opt imiza t ion  s t u d i e s ,  and providing f o r  
no i se  abatement approaches.  
The p resen t  a i r  t r a f f i c  c o n t r o l  procedures i n  t h e  te rmina l  apprach 
area of an  a i r p o r t  r e l y  heav i ly  upon t h e  a b i l i t y  of a human c o n t r o l l e r  
t o  main ta in  an  o r d e r l y  and s a f e  sequence of a i r p l a n e s  onto t h e  runway. 
The accuracy of  h i s  equipment has  l ed  t o  c e r t a i n  s e p a r a t i o n  c r i t e r i a  i n  
t h e  approach area., 
The s tandard  ILS s e r v e s  IFR t r a f f i c  wi th  a one-dimensional (a 
s t r a i g h t  l i n e  path) r o u t e  t o  follow. A t h r e e  m i l e  s e p a r a t i o n  is  t h e  
s tandard r u l e  f o r  a i r c r a f t  spacing.  Problems arise when a f a s t e r  
a i r c r a f t  preceeds a slower a i r c r a f t  down t h e  ILS course.  The t h r e e  
m i l e  s e p a r a t i o n  d i s t a n c e  being enforced along t h e  e n t i r e  course  length  
c o n s t i t u t e s  a de lay  i n  t h e  system. An example would be two a i r c r a f t  
separa ted  by t h r e e  m i l e s  a t  t h e  o u t e r  ga t e .  L e t  plane one have a 
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speed of  180 knots  and l e t  plane two f l y  a t  150 knots .  When plane one 
touches down, t h e  s e p a r a t i o n  d i s t a n c e  w i l l  have expanded t o  over 4% m i l e s .  
This cepresents  a de lay  which i s  unavoidable wi th  t h e  present  LLS. The 
case of  t h e  slower a i r c r a f t  f i r s t  r e s u l t s  i n  a converging sepa ra t ion  
al lowing t h e  t h r e e  m i l e  s e p a r a t i o n  t o  be achieved when t h e  f i r s t  plane 
touches down. 
Another shortcoming of  t h e  present  ILS i s  t h e  requirement f o r  l a r g e  
d i s t ances  t o  be t r ave r sed  by a i r c r a f t  coming from t h e  oppos i t e  landing 
d i r e c t i o n  i n  o rde r  t o  i n t e r c e p t  t h e  g l i d e  s l o p e ,  A more v e r s a t i l e  and 
broader ranged landing system would reduce these  te rmina l  de lays .  
One poss ib l e  s o l u t i o n  c u r r e n t l y  i n  t h e  development s t a t e  is  t h e  
microwave scanning beam ILS (MILS). This  system expands t h e  te rmina l  
area coverage t o  t h r e e  dimensions.  This o f f e r s  a i r c r a f t  a l t e r n a t i v e s  
t o  l eng th ly  flyout-and-back maneuvers t o  i n t e r c e p t  t h e  g l i d e  s lope ,  
Figure 3.18 i l l u s t r a t e s  t h i s  system. The scanning i s  done a t  p rescr ibed  
frequency. Using modern c o n t r o l  techniques which employ d i g i t a l  l o g i c ,  
many of t h e  landing procedures can  be automated. 
Microwave ILS 
The idea  f o r  a scanning microwave beam f o r  approach guidance was 
f i r s t  formally repor ted  i n  t h e  mid 1950's. These p a s t  15 years  have 
been devoted t o  f l i g h t  t e s t s  of  va r ious  modes of ope ra t ion  and equipment 
packages t o  eva lua te  t h e  p o s s i b i l i t y  of  r ep lac ing  t h e  f ixed  beem ILS 
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system. The a n a l y s i s  has  produced a v a r i e t y  of systems. Table 3 .1  





Figure 3 . 1 8  
TABLE 3 . 1  CURRENT M- ILS CAPAE ILITIES 
Azimuth Transmi t te r  E leva t ion  Transmi t te r  
Angle Coverage Angle Coverage 
System ( in  degrees)  ( i n  degrees)  
AILS - +5 (&35 Clearance) 
$20 AN/SPN-4 1 - 
AN/TRN- 2 8 +20 
RSAFE /TILS +20 ($35 Clearance) 
A - SCAN - +60 
RASCAL f 2 0  
A N / T R N - ~ ~  Spec T20 - 
0 t o  10 
0 t o  10 
0 t o  20 
0 t o  10 
5 t o  +45 
0 t o  13.5 
0 t o  20 
Three poss ib l e  bands of t ransmiss ion  e x i s t  f o r  t h e  microwave system: 
C-band (3900-6200 MHZ) , X-band (5200-10,900 MHZ) , and Ku-band (15350- 
17250 MHZ). Looking a t  t h e i r  implementation, t h e r e  i s  not  a C-band 
wi th  enough antenna a p e r t u r e  t o  e f f e c t i v e l y  guide fixed-wing a i r c r a f t  
on t h e  f i n a l  approach, t h e  reason being t h a t  t o  e l imina te  ground 
r e f l e c t i o n  r equ i r e s  a t a l l  antenna f-25') which makes guidance i n  
f l a r e o u t ,  touchdown, and r o l l o u t  q u i t e  dubious. The X-band has  a 
l i m i t a t i o n  i n  spectrum a v a i l a b i l i t y . ,  Most success fu l  tests have been 
made us ing  the  Ku-band, a l though some engineers  t h i n k  t h a t  under t r o p i c a l  
r a i n  condi t ions  t h e  range i s  i n s u f f i c i e n t 9 .  
Concerning t h e  b a s i c  methods of beam scanning, t h e  f l a t  beam i s  t h e  
most f l e x i b l e  and e a s i l y  i n t e r p r e t a b l e .  Other means, such as con ica l  
beams o r  phased a r r a y  can  be used a l s o .  The scanning r a t e  of t he  f l a t  
beam can be e i t h e r  continuous o r  s tepped,  bu t  i t  should be as low a s  
poss ib l e ,  c o n s i s t e n t  w i th  a u t o p i l o t  requirements ,  and should not  exceed 
5 HZ s i n c e  a f a s t e r  scan  r a t e  would reduce t h e  dwell  of t h e  beam on t h e  
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r ece ive r  antenna and thus  reduce accuracy. Independent of  t he  method, 
a g r a n u l a r i t y  of -05  t o  -10 degree can  be achieved. 
The accuracy of t h e  Ku-band system has been q u i t e  good, I n  terns 
of  one s tandard  d e v i a t i o n  (CT) , t h e  beam has a n  accuracy of  i . 03  degree 
i n  e l e v a t i o n ,  2 .05 degree i n  azimuth, and - + 100 f e e t  i n  range, us ing  
p r e c i s i o n  d i s t a n c e  measuring equipment (DME). 
A 1 t ime t r y  
With t h e  accu rac i e s  s t a t e d  above, t h e  MILS can be used as a t o o l  
i n  determining and r e t a i n i n g  a l t i t u d e  s e p a r a t i o n  i n  t h e  te rmina l  a r e a .  
A t  a s l a n t  range of  t e n  m i l e s ,  t h e  accuracy of t h e  MILS beam is:  
ERROR = ( 10 nm. )(o ) 
= ( 10 )(6016.1)(f.05) = 53 f t .  
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This accuracy i s  v a l i d  up t o  a he igh t  of approximately 11,000 f e e t .  
This  i s  achieved wi th  t h e  AILS made f o r  t h e  FAA and no t  t h e  updated 
TRN-28 ( r e f e r  t o  Table 3 . 1 ) .  This  can  be compared t o  another  method of 
a l t i m e t r y .  
This method i s  t h e  use  of s t a t i c  pressure  sensors .  These devices  
record s t a t i c  pressure  e i t h e r  wi th  a s t a t i c  p res su re  por t  o r  a p i l o t  
s t a t i c  tube ,  both of  which may d i f f e r  from t r u e  ambient pressure  because 
of l o c a t i o n ,  Mach number, angle  of  a t t a c k ,  o r  conf igu ra t ion ,  Although 
manufacturers of t h i s  system c la im a n  accuracy of 0'-65' a t  sea l e v e l  
and 100'-255' a t  40,900 f e e t ,  f l i g h t  tests have shown d i sc repanc ie s  of  
50'-225' a t  sea l e v e l  and between 225'-500 a t  40,000 f e e t .  Constant 
r e c a l i b r a t i o n  w i l l  a l low a n  e r r o r  de te rmina t ion  w i t h i n  50 f e e t  a t  lower 
a l t i t u d e s ,  Discounting an  a l t i t u d e  o f  40,000 f e e t  i n  the  te rmina l  area, 
t h e  PLIES i s  more a c c u r a t e  at. t h e  lower a l t i t u d e  and does not  have t o  be 
r e c a l i b r a t e d .  
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With such p o s i t i v e  f a c t o r s ,  t h e  MILS was incorporated i n t o  t h e  f i n a l  
approach phase procedures developed i n  t h i s  chap te r .  
This scanning beam system provided new dimensions t o  a r range  f o r  
more p r e c i s e  landings and approach paths .  
i d e a  employs t h e  scanning c a p a b i l i t y  t o  provide curved approaches from 
t h e  o u t e r  r ad ius  onto t h e  runway, tangent  t o  t h e  landing d i r e c t i o n .  
The geometry involved i s  shown i n  F igure  3 . 1 9 .  The parameters are: 
One a t t r a c t i v e  approach path 
8 = azimuth of  a i r c r a f t  (8, = g l ides lope  i n t e r c e p t  azimuth) 
a = c e n t e r l i n e  ang le  
V = a i r c r a f t  v e l o c i t y  vec to r  
kc = r ad ius  of  cu rva tu re  
d = d i s t a n c e  t o  touchdown 
(do = i n i t i a l  scan  r ad ius )  
C e r t a i n  r e l a t i o n s h i p s  can be der ived .  
rc - d0 
n: s i n  ( - 2 - a,) s i n  (n: - eo)  
and 0 = 7 r + 2 2 a  
Ther,efore: 
rc = d0 
cos a, s i n  2 a. 
and 
For a cons t an t  r a d i u s  curve: 
a - L 
d s i n  a 
_ - -  
where: 




(3 e 11) 
(3 .12)  
(3.13) 
Figure  3 . 1 9  
The a c t u a l  implementation o f  t h e  system reveals many development 
problems, The curved pa ths  r e p r e s e n t  a more d i f f i c u l t  p i l o t  t a s k .  P i l o t  
workload i n  many cases i s  approaching i t s  upper l i m i t ;  t h e r e f o r e ,  ease 
i n  f l y i n g  t h e s e  pa ths  i s  o f  g r e a t  concern. P i l o t s  have found f l i g h t  
d i r e c t o r s  t o  be o f  g r e a t  a s s i s t a n c e  and it i s  be l ieved  t h a t  s imi l a r  
equipment employed h e r e  would b e s t  f i t  t h e  p i l o t  i n t o  t h e  c o n t r o l  loop. 
F1 igh t D i r e c t o r  
The above f i n a l  approach system assumes t h a t  t h e  a i r c r a f t  w i l l  be  
a b l e  t o  p r e c i s e l y  fol low t h e  prescr ibed  path.  This  can be accomplished 
i n  two ways, F i r s t ,  a d i s p l a y  f o r  t h e  p i l o t  t o  fol low or  second, a n  
a u t o p i l o t .  
MILS. This  information would be processed by a n  onboard d i g i t a l  
computer, It was decided t o  use  t h e  f i r s t  method-a good d i s p l a y  f o r  
t h e  p i l o t  t o  follow., There were several reasons f o r  t h i s  choice.  
F i r s t ,  it w a s  f e l t  t h a t  t h e  p i l o t  should s t i l l  be  i n  command of t h e  
plane even i n  t h e  y e a r  2000. 
11 opera t ions :  t h a t  i s  n o t  completely "O--O" weather condi t ions .  An 
a u t o p i l o t  w i l l  have t o  be used f o r  ca tegory  111 o p e r a t i o n s ,  
E i t h e r  method would use r a d a r  information suppl ied by t h e  
Also,  t h e  des ign  considered only ca tegory  
The work i n  t h i s  area concerned determining e x a c t l y  how a c c u r a t e l y  
a p i l o t  fol lowing a d i s p l a y  could hold a prescr ibed  path.  It w a s  assumed 
t h e  path w a s  known exact ly--or  a t  least  t o  t h e  accuracy of t h e  MILS system 
which is  - +lo0 f e e t .  A l i t e r a t u r e  search  revealed t h a t  a s i m i l a r  s tudy 
w a s  c a r r i e d  on by NASA Ames Research Center concerning f l i g h t  p r o f i l e s  
f o r  no ise  abatement. I n  t h a t  s tudy,  p i l o t s  were requi red  t o  f l y  two 
segment s t r a i g h t  approaches--one a t  s i x  degrees  followed by one a t  t h r e e  
degrees .  
1 
The p i l o t s  used t h e  f l i g h t  d i r e c t o r  system shown i n  F igure  3.20. 
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I n  those  t e s t s ,  p i l o t s  were a b l e  t o  s t a y  w i t h i n  100 f e e t  o f  t h e  prescr ibed  
pa th  l a t e r a l l y  and w i t h i n  50 f e e t  v e r t i c a l l y .  
Using t h i s  as background, it w a s  p red ic ted  t h a t  f u t u r e  p i l o t s  could 
fol low t h e  curved approach paths  t o  w i t h i n  these  same accurac i e s .  Thus 
i t  w a s  determined t h a t  t h e  f u t u r e  system would have a t  most a 200 foo t  
l a t e ra l  error--100 f e e t  from t h e  microwave ILS e r r o r  and 100 f e e t  from 
t h e  p i l o t - d i s p l a y  e r r o r .  The p i l o t - d i s p l a y  e r r o r s  are not  t he  l i m i t a t i o n  
of  t he  system. It may be noted t h a t  t hese  e r r o r s  were included i n  t h e  
po in t  s imula t ion  of  t h e  f i n a l  approach and caused no f a l s e  alarms t o  
t h e  a i r  c o l l i s i o n  avoidance equipment. 
The ques t ion  of  t i m e  de lay  due t o  s e p a r a t i o n  maintenance is  another  
problem area t h a t  should be  inves t iga t ed .  
The microwave system can reduce t h e  de lay  t i m e  caused by t h e  f a s t e r -  
p l a n e - f i r s t  s i t u a t i o n .  This  i s  i l l u s t r a t i o n  i n  F igure  3 .19 ,  The 
l a t e r a l  s e p a r a t i o n  of t h e  two i n t e r a c t i n g  a i r p l a n e s  al lows t h e  minimum 
s e p a r a t i o n  d i s t a n c e  po in t  t o  be delayed u n t i l  some t i m e  before  t h e  
f i r s t ,  f a s t e r  a i r c r a f t  l ands .  The c l o s e r  one can b r ing  t h e  minimum 
s e p a r a t i o n  poin t  60 t h e  t i m e  when t h e  f i r s t  a i r c r a f t  touches down, t h e  
s h o r t e r  t h i s  excess  de lay  w i l l  be. F igure  3.21 i l l u s t r a t e s  t h i s  
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Figure  3.21 Separa t ion  of Two Land A i r c r a f t  F a s t e r  F i r s t  
Another technique employs t h e  a d d i t i o n  o f  t h e  h e i g h t  dimension 
Using a n  a l t i t u d e  s e p a r a t i o n  dur ing  i n t o  t h e  s e p a r a t i o n  c r i t e r i o n .  
c e r t a i n  por t ions  of t h e  approach phase al lows t h e  l a t e ra l  s e p a r a t i o n  
l i m i t  t o  be r e l a s e d .  
of  t h e  two c r i t e r i a .  
F igure  3.22 i l l u s t r a t e s  some p o s s i b l e  i n t e r a c t i o n  
Notice t h a t  whenever t h e  l a t e r a l  s e p a r a t i o n  i s  
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not  observed t h e  a l t i t u d e  s e p a r a t i o n  i s  maintained and v ice-versa .  This 
a l lows the  minimum l a t e ra l  sepa ra t ion  t o  be achieved when plane one 
touches t h e  runway. This  r e s u l t s  i n  a n  opt imal  landing ra te  f o r  a 
prescr ibed  s e p a r a t i o n  d i s t a n c e .  
An a n a l y t i c a l  i n v e s t i g a t i o n  can be performed t o  t e s t  t h e  g e a s i b i l i t y  
of us ing  a l t i t u d e  s e p a r a t i o n  i n  t h e  f i n a l  approach. Consider two a i r -  
c r a f t  f l y i n g  i n  t h e  same v e r t i c a l  plane as i n  F igure  3.23. The ver t ica l  
sepa ra t ion  can  be expressed by t h e  fol lowing equat ion.  
h s e p  = [ dmin + V2(t2-t)]si.n y2 - [ V l ( t 2 - t ) s i n  y1 ] (3.14) 
By examining t h e  t i m e  d e r i v a t i v e  
(3.15) 
One f i n d s  t h a t  t h e r e  a r e  t h r e e  ways t o  in su re  a minimum a l t i t u d e  
sepa ra t ion .  
1. When plane one touches down 
h2 2 hmin (3 16) 
(3 a 17)  
2 .  When plane two i n t e r c e p t s  t he  g l i d e  s lope  












The curved pa ths  do not  a l low a s t r i c t  a p p l i c a t i o n  of t h e  above 
equat ions .  They a re  used as  s e p a r a t i o n  gu ide l ines  t o  a l low f o r  s e p a r a t i o n  
r u l e s  t o  be obtained f o r  each p a r t i c u l a r  a i r c r a f t  i n t e r a c t i o n .  
ILS Comparison Study 
This  s e c t i o n  is  a numerical  s tudy  which compares a s tandard  ILS 
wi th  t h e  scanning beam ILS us ing  ver t ica l  sepa ra t ion .  The c o n s t r a i n t s  
f o r  t h e  example are IFR t r a f f i c ,  t h r e e  m i l e s  l a t e r a l  s epa ra t ion ,  and 
1000 f e e t  a l t i t u d e  minimum sepa ra t ion .  
1. The Standard ILS i s  shown i n  F igure  3.24. It i s  capable  of  
accep t ing  a i r c r a f t  a t  any of t h r e e  g a t e s  as shown. 
2 ,  The Micro-wave ILS i s  a l s o  shown i n  F igure  3.24. Composed of  
f i v e  e n t r y  g a t e s ,  t he  a t tempt  he re  i s  t o  conserve a i r s p a c e  
by making t h e  wider  approach pa ths  s h o r t e r .  A poss ib l e  speed 
seg rega t ion  could be a s  i n  Table 3.2. 
TABLE 3 . 2 .  SPEED SEGREGATION AT MILS APPROACH m@iTES,L 
~ 
Approach Gate Terminal Speed 
0' Gate 150-200 knots  
18O Gate 110-160 knots  
30° Gate 80-120 knots  
The p a r t i c u l a r  example examined he re  i s  t o  opt imal ly  land t h e  
fol lowing a i r c r a f t  i n  t h e  s p e c i f i e d  o rde r  as shown i n  Table 3 . 3 .  
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TABLE 3 . 3  AIRCRAFT,CANDING ORDER 





165 . k t s .  
150 k t s .  
110 k t s .  
80 k t s .  
The o rde r  i s  chosen a s  an example of decreasing speeds t o  produce 
an a r r i v a l  de lay  f o r  t he  s tandard ILS and t o  genera te  some numbers f o r  
t he  scanning beam system which would he lp  eva lua te  the  f e a s i b i l i t y  of 
t he  ideas  involved. 
The fol lowing equat ions were used i n  t h e  s tudy;  
Tim = time f o r  ith a i r c r a f t  t o  reach the  g l ides lope  marker 
TiL = time f o r  i 
t h  a i r c r a f t  t o  land 
ai = runway bear ing  f o r  ith a i r c r a f t  ( aim i n i t i a l l y )  
Y i  = e l e v a t i o n  angle  f o r  ith a i r c r a f t  ( y  im i n i t i a l l y )  
0 = heading azimuth f o r  ith a i r c r a f t  (8 im i n i t i a l l y )  
The c a l c u l a t i o n  of t he  parameters (timy tiL, i m  dim) 
a s soc ia t ed  wi th  t h e  ith a i r c r a f t  a r e  based upon the  preceding a i r c r a f t .  
The fol lowing equat ions a r e  used t o  determine these  times: 




Some i n i t i a l  va lue  c a l c u l a t i o n s  d i f f e r  from t h e  above, 
= To i n i t i a l  r e f e r e n c e  t i m e  
= Chosen independent of o t h e r  A/C 
y l  = .Assumed 
y 2  = s i n - 1  Ahmin [ dmin 3 
(method 1) 
Standard ILS c a l c u l a t i o n  equat ions were used: 
( 3  e 2 7 )  
(3 .28 )  
( 3  2 9 )  
The fol lowing t a b l e ,  Table 3.4 r e s u l t e d  from us ing  t h e  a i r c r a f t  o f  
Table 3.3 and t h e  above equat ions.  
TABLE 3.4 RESULTS OF COMPARISON BETWEEN 
STANDARD ILS AND MICROWAVE ILS 
ifh A/C 1 2 3 4 
Standard 
I L  s 
Tim 0 3.02 4 . 8 2  10.07 * iL 5.45 7 . 0 2  10.82 13.82 
dim 15  10 10 5 
Micro- 
wave LLS Tim 
' iL  
e i m  
im 
dim 
V i  
Y i  
a 
i m  
0 




165 k t s  
20 
3,180 '  





150 k t s  
3.1' 
3 ,110 '  
2 .39  
8 .45  
144' 
- 1 8 O  
10 
100 k t s  
4.43O 










The t a b l e  shows t h a t  t h e  four  a i r c r a f t  were brought down i n  less 
t o t a l  time by the  microwave system, 
percent  decrease = 13.82 - 10.7 = 22.6 percent  
13,82 
Cons idera t ions  and Cons t r a in t s  
1, The t h r e e  m i l e  and 1,000 f o o t  s epa ra t ion  c r i t e r i o n  w i l l  be reduced 
i n  t h e  coming yea r s ,  bu t  t h i s  w i l l  only change t h e  numbers used i n  
t h e  c a l c u l a t i o n s .  The implementation of t h e  accuracy w i l l  g r e a t l y  
reduce t h e  s e p a r a t i o n  c o n s t r a i n t .  
2. The a l t i t u d e  s e p a r a t i o n  approach lends i t s e l f  t o  on-the-spot  
computer c a l c u l a t i o n s  of f i n a l  approach f i x e s  because each a i r -  
c r a f t ' s  parameters depend upon t h e  previous a i r c r a f t ' s  s t a t u s ,  
3, The landing capac i ty  c o n s t r a i n t  f o r  t h e  f u t u r e  w i l l  g radual ly  
sh i f t :  t o  t he  runway i t s e l f  and w i l l  produce a l a r g e  t i m e  s epa ra t ion .  
This  w i l l  p e r m i t  more a l t i t u d e - l a t e r a l  s e p a r a t i o n  tyadeoffs .  
One-Runway System 
The micro-wave system being evaluated he re  a l s o  permits  increased 
accuracy i n  determining a i r c r a f t  p o s i t i o n  and v e l o c i t y .  Using t h i s  
system f o r  te rmina l  s u r v e l l i a n c e ,  t h e  sepa ra t ion  d i s t ances  can be 
reduced gxtens ive ly .  The t h r e e  m i l e  l a t e r a l  s epa ra t ion  can now be 
modified t o  less than  one-half  m i l e .  This places t h e  landing i n t e r v a l  
c o n s t r a i n t  on t h e  runway. 
It has  been est imated t h a t  f o r  f u t u r e  a i r  travel t h e  landing i n t e r v a l  
w i l l  be reduced t o  40 seconds between a i r c r a f t .  This  f i g u r e  r e f l e c t s  
t he  minimum time necessary t o  a l low a l l  types of a i r c r a f t  t o  land and 
c l e a r  t h e  runway. 
The previous ly  def ined  micro-wave ILS can  now be a l t e r e d  t o  be more 
compatible wi th  t h e s e  s e p a r a t i o n  s tandards .  F igure  3.25 d e p i c t s  a set  
of  curved pa ths  t h a t  a l low maximum i n t e g r a t i o n  of a i r c r a f t  types wi th  
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assured s e p a r a t i o n  and 40 second landing i n t e r v a l s .  The a i r c r a f t  i n  a 
f u t u r e  te rmina l  system must main ta in  a two m i l e  s e p a r a t i o n  a t  t h e  
ou te r  approach g a t e s .  The l a t e ra l  sepa ra t ion  a t  any poin t  may be 
s u b s t i t u t e d  by a 500 foot'' a l t i t u d e  s e p a r a t i o n  s tandard .  
10 
The a i r c r a f t  t h a t  e n t e r  t h e  system are  broken down i n t o  t h e  cate- 
go r i e s  s p e c i f i e d  i n  Chapter 2. Table 3 .5  shows a p r o j e c t i o n  of t h e  types 
and percentages of t h e  a i r c r a f t  t h a t  w i l l  be proper ly  equipped t o  f l y  
i n t o  t h i s  runway system. Other a i r c r a f t  may not  use t h i s  runway because 
they would not  be proper ly  equipped t o  i n t e g r a t e  i n t o  t h e  landing p a t t e r n ,  
The d a t a  excludes a l a r g e  percentage of  t h e  t o t a l  a i r c r a f t  f l e e t ,  t h a t  
of genera l  a v i a t i o n .  
General a v i a t i o n  w i l l  be r e l ega ted  t o  smaller a i r p o r t s  away from 
the  p o s i t i v e l y  c o n t r o l l e d  airways.  The des i r ed  s a f e t y  and e f f i c i e n c y  
of f u t u r e  a i r  ope ra t ions  w i l l  no t  a l low i l l -equipped  a i r c r a f t  t o  f l y  i n  
con t ro l l ed  a i r s p a c e  w i t h i n  the  te rmina l  area. 
Combining t h e  a i r c r a f t  types i n  Table 3 .5  wi th  t h e  approach p o s s i b i l i -  
t i e s  of F igure  3.26 one can  d e r i v e  computer l o g i c  t o  p r e s c r i b e  t h e  MILS 
e n t r y  po in t  which b e s t  f i t s  t he  necessary s e p a r a t i o n  maintenance wi th  
a mininal  enroute  f l i g h t  d i s t a n c e  f o r  each a i r c r a f t ,  F igure  3.25 i s  a 
f lowchart  t h a t  could s e r v e  as a program used by t h e  t r a f f i c  c o n t r o l l e r  
t h a t  p roper ly  places t h e  a i r c r a f t  on i t s  f i n a l  approach e n t r y  po in t .  
N .  i s  t h e  a i r c r a f t ' s  ca tegory  number as shown i n  Table 3.4.  This  
1 
s p e c i f i c e s  t h e  ILS approach d i s t ance .  The a lgor i thm eva lua te s  t h e  a i r -  
c r a f t ' s  r e l a t i o n  wi th  t h e  previous a i r c r a f t  i n  t h e  landing system. 
must be taken  t o  prevent  a slower a i r c r a f t  from us ing  t h e  s a m e  approach 
path as t h e  f a s t e r  a i r c r a f t  which immediately precedes it. 
Care 
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F l i g h t  Path Simulat ion 
A computer s imula t ion  was devised t o  check f o r  s epa ra t ion  maintenance 
along t h e  ILS paths .  
The program input  w a s  a sequence of a i r c r a f t  chosen a t  random from 
t h e  d i s t r i b u t i o n  presented i n  Table 3.5. No opt imal  sequencing w a s  done, 
t h e r e f o r e ,  t h e  s tudy r ep resen t s  t he  c a p a b i l i t i e s  of  t h e  landing geometry. 
The input  includes a f a c t o r  as t o  which of  t h e  four  s e c t o r s  (Figure 3.25) 
t h e  a i r c r a f t  used when en te r ing .  
The program d e t a i l s  a r e  loca ted  i n  Appendix D .  The r e s u l t s  v e r i f y  
the  e n t r y  log ic  a s  a l l  ca ses  of random input  f o r  1000 a i r c r a f t  i n t o  the  
t o t a l  system showed t h a t  minimum sepa ra t ion  s tandards  Eere maintained. 
Multi-Runway System 
The landing system under s tudy cannot be accepted unless  as i n v e s t i -  
ga t ion  is  performed t o  eva lua te  i t s  performance i n  a l a r g e  a i r p o r t  
environment with many runways 
The b a s i c  requirements f o r  a multi-runway system are: 
1, P a r a l l e l  independent runway systems wi th  minimum land usage. 
2 .  Proper i n t e g r a t i o n  of t akeof f s  and landings t o  acheive 
maximum number of ope ra t ions  p e r  hour ,  
3 ,  Procedures g iv ing  each a i r c r a f t  a d i s t i n c t  waveoff o r  escape 
path f o r  a missed approach. 
The accuracy of t h e  micro-wave system w i l l  a l low a r educ t ion  of t h e  
p a r a l l e l  runway spacing t o  2500 f e e t .  F igure  3.27 shows a four  runway 
conf igu ra t ion  t h a t  employs four  p a r a l l e l  independent dual  l ane  runways. 
Each can accept  t h e  maximum s p e c i f i e d  capac i ty  of 90 a i r c r a f t  per  hour 
(40 second i n t e r v a l ) .  The f i f t h  runway is  a STOL landing s t r ip . .  This 
runway achieves a g r e a t e r  number of approach p o s s i b i l i t i e s  because of 
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t h e  h ighe r  descent  ang le  c a p a b i l i t y  of t h e  STOL a i r c r a f t .  The f i g u r e  
shows a normal ope ra t iona l  breakdown of a i r c r a f t  ca tegory  i n t o  each 
runway. This  breakdown rep resen t s  a peak ope ra t ion  cond i t ion  which 
accepts  i npu t s  d i s t r i b u t e d  s i m i l a r l y  t o  those  i n  Table 3.5. The l o c a t i o n  
of t he  STOL s t r i p  i s  not  spec i f i ed  h e r e  bu t  t h e  cons ide ra t ion  f o r  i t s  
placement would be: f i r s t ,  one al lowing t h e  maximum scan  angle  which 
doesn ' t  i n t e r f e r e  wi th  t h e  paths  of t he  o t h e r  runways; secondly,  t h e  
runway ope ra t ion  must no t  i n t e r e f e r e  with a b o r t  pa ths  of  t h e  four  main 
runways; and t h i r d l y ,  t h e  runway must s t i l l  be c l o s e  t o  t h e  o t h e r  runways 
f o r  minimum use of land space., 
When t h e  system ope ra t e s  below a s a t u r a t e d  l e v e l ,  a i r c r a f t  can be 
so r t ed  i n t o  d i f f e r e n t  runways depending upon t h e  ind iv idua l  MILS 
occupancy and t h e  o v e r a l l  advantages t o  be gained by switching runways. 
The dual  l anes  shown i n  F igure  3.14 provide t h e  c a p a b i l i t y  f o r  an  
a i r c r a f t  t o  take  o f f  as another  lands on t h e  o t h e r  lane .  This r e t a i n s  
t h e  a r r i v i n g  p l ane ' s  a b o r t  rou te  c learance  and al lows a n  equal  number 
of depa r tu re s  and a r r i v a l s  t o  occur ,  
The runways a re  b a s i c a l l y  speed segregated.  The SST, however, 
f l i e s  t h e  same approach p a t t e r n  as the  TST. Runways 2 and 3 a l low 
an e i g h t  degree path scan  t o  a l low f o r  g l i d e  s lope  passing.  Runways 
land 4 a re  f o r  slower a i r c r a f t  as shown i n  t h e  t a b l e  wi th  F igure  3.27. 
The e l e v a t i o n  drawing, F igure  3.28, shows t h e  a l t i t u d e  s e p a r a t i o n  
obtained between runways caused by d i f f e r i n g  approach ang le s ,  s t agge r ing  
approach ang le s ,  and s t agge r ing  t h e  runway th re sho ld .  
The n e t  r e s u l t  of a runway-approach combination l i k e  t h i s  w i l l  be  
720 mixed opera t ions  per  hour a t  capac i ty .  The automation needed t o  
handle t h i s  v a s t  i nc rease  i s  a l a r g e  design problem i n  i t s e l f .  
135 
Figure  3.28 
A i r  C o l l i s i o n  Avoidance i n  F i n a l  Approach 
The a i r  c o l l i s i o n  avoidance procedures d iscussed  i n  s e c t i o n  3 . 2  
can now be modified and r e f ined  f o r  t h e  f i n a l  approach system. 
An independent system must s e rve  as t h e  automatic  landing a b o r t  
i n d i c a t o r  f o r  IFR condi t ions .  
system t o  inc rease  a i r p o r t  capac i ty  r equ i r e s  g r e a t e r  s a f e t y  assurance 
because of  reduced s e p a r a t i o n  s tandards .  
The use  of t h e  scanning beam i n  t h e  
Various modi f ica t ions  of t h e  general  a i r  c o l l i s i o n  avoidance 
procedures a l r eady  presented can now be examined. 
Maneuver r e s t r i c t i o n s  i n  t h e  f i n a l  approach area a l low the  maximum 
a c c e l e r a t i o n  parameter t o  be reduced from t h e  enroute  va lue  o f  g 
per  a i r c r a f t  t o  a smal le r  and s a f e r  1/10 g maximum. 
1 
The system chosen t o  eva lua te  t h e  c o l l i s i o n  hazard must be as 
independent from t h e  landing system as poss ib l e .  This  w i l l  a l low the  
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CAS t o  se rve  i n  a back-up s e p a r a t i o n  assurance r o l l .  Two f u t u r e  te rmina l  
area systems look promising f o r  t h i s  job.  
The f i r s t  i s  a n  advanced v e r s i o n  of t h e  onboard system discussed 
ea r l i e r .  The main requirement i s  more accuracy i n  measuring range and 
v e l o c i t y ,  The confidence l e v e l  needed is  one which al lows normal curved 
approaches t o  proceed f r e e  of  c o l l i s i o n  alarms. The CAS would se rve  
t o  s p e c i f y  t h e  a b o r t  r o u t e  should t h e  microwave system f a i l  o r  t h e  a i r -  
c r a f t ' s  path fol lowing c o n t r o l  malfunct ion.  A t  p re sen t ,  t h e  onboard 
CAS systems being t e s t e d  do not  have s u f f i c i e n t l y  accu ra t e  measurements 
t o  achieve  the  des i r ed  te rmina l  approach alarm s t a t u s .  
A second system is  envis ioned which could provide t h e  needed s e r v i c e  
t o  t h e  f i n a l  approach system. Using t h e  te rmina l  t r i - l a t e r a t i o n  
naviga t ion  equipment t h e  ground based c o l l i s i o n  hazard c r i t e r i o n  can 
e f f e c t i v e l y  warn a i r c r a f t  of c o l l i s i o n  p o s s i b i l i t i e s  without  i n t e r f e r i n g  
wi th  normal curved approach landing runs.  The numerical c h a r a c t e r i s t i c s  
a r e  i n  Table 3 . 6 .  
TABLE 3 . 6  FUTURE TERMINAL CAS USING TRILATERATION 
Parameter Values 
Data I n t e r v a l  T i m e  1 sec .  
Delay T i m e  9 s ec .  
To ta l  Escape Time 28 sec .  
Range and Ve loc i ty  
Er ro r  . 3 0  n.m. 
Minimum Separa t ion  
D i s  t anc e . l o  n.m. 
1/10 g Freedom . 2 3  nom. 
A l a r m  Region 
Half -width . 6 3  n.m. 
The f l i g h t  d i r e c t o r  a l lows each a i r c r a f t  t o  d e v i a t e  100 f e e t  l a t e r a l l y  
from i t s  path.  This  cond i t ion  may be simulated by expanding t h e  alarm 
hal f -wid th .  
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Hw = - 6 3  + (2x 100/6080) = .67 n a u t i c a l  m i l e s  (3 .30)  
The pa th  s imula tor  program included a c o l l i s i o n  avoidance algori thm. 
Figure 3.29 shows t h e  l o g i c  f lowchart  used t o  eva lua te  t h e  a b i l i t y  of 
t h e  one-runway system approaches t o  proceed f r e e  of c o l l i s i o n  alarms. 
A s  mentioned before ,  t h e  minimum s e p a r a t i o n  s tandards  were maintained f o r  
720 landing a i r c r a f t  under s a t u r a t i o n  condi t ions .  It is  des i r ed ,  t he re -  
f o r e ,  t o  a l low the  a i r c r a f t  t o  proceed down t h e  prescr ibed  pa th  wi thout  
being bothered by a f a l s e  CAS alarm. 
The flow c h a r t  shows t h e  he igh t  s tandard set  a t  600 f e e t .  This  i s  
a combination of t h e  500 f o o t  minimum s tandard  f o r  s e p a r a t i o n  and t h e  
two a i r c r a f t  f l i g h t  d i r e c t o r  e r r o r s  of 50 f e e t  each. 
The number of alarms observed f o r  t h e  1000 a i r c r a f t  w a s  two. The 
conclusion is  t h a t  had t h e  a i r c r a f t  involved been f l y i n g  a t  t h e  maximum 
e r r o r  po in t s  a long t h e  curves ,  t h e  alarm would se rve  t o  d i r e c t  t h e  p i l o t  
back onto t h e  course.  
No s imula t ion  w a s  done on t h e  p o s s i b i l i t y  of  e n t e r i n g  a n  i n t r u d e r  
i n t o  t h e  landing  p a t t e r n .  It is  be l ieved ,  however, t h a t  t h e  alarms 
would have not iced  t h e  i n t r u s i o n  and escape maneuvers a s  descr ibed i n  
t h e  c o l l i s i o n  avoidance s e c t i o n  would have been employed. 
3.5 TERMINAL AIR TRAFFIC CONTROL SYSTEM 
This segment a t t e m p t s  t o  d e f i n e  a f u t u r e  te rmina l  area a i r  t r a f f i c  
c o n t r o l  system. The system is  designed t o  sequence and t o  d i r e c t  a r r i v a l s  
and depar tures  i n  o rde r  t o  achieve t h e  maximum runway-approach system 
capac i ty  wi th  minimum delay  t o  a i r c r a f t .  
The te rmina l  area system i n t e r f a c e s  wi th  t h e  enroute  a i r  t r a f f i c  
c o n t r o l  (ATC) and t h e  runway-approach system. Terminal ATC accep t s  
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a r r i v a l s  from enroute  ATC s i x t y  n a u t i c a l  m i l e s  from t h e  a i r p o r t  and d e l i v e r s  
them proper ly  sequenced t o  the  speed segregated g a t e s  of t h e  scanning 
behm ILS.  
The system is  designed w i t h i n  four  primary c o n s t r a i n t s :  
1. 
2. 
3 ,  
4 .  
It 
aspec t s  
1. 
2. 
3 .  
The i n i t i a l  con f igu ra t ion  i s  a s i n g l e  a i r p o r t  wi th  a s i n g l e  
dua l  l ane  runway, Later conf igu ra t ions  inc lude  mul t ip l e  
runways and m u l t i p l e  a i r p o r t s .  
The system i s  based on t h e  av ionic ,  nav iga t iona l ,  computer, 
and a i r c r a f t  c a p a b i l i t i e s  f o r e c a s t  between now and t h e  yea r  
2000, assuming no order-of-magnitude inc rease  i n  a i r c r a f t  
performance dur ing  t h a t  t i m e .  
The system i s  designed cons ider ing  t h e  a r r i v a l  problem only  
s i n c e  depar ture  handl ing  i s  not  as c r u c i a l  as t h e  problem of 
sequencing and d i r e c t i n g  a i r c r a f t  t o  t h e  ILS g a t e s  wi th in  a 
few seconds s tandard  d e v i a t i o n  of t h e i r  scheduled t ime. A l s o  
ar r iva ls  and depar tures  can be t r e a t e d  independently because 
t h e  dua l  l ane  runway makes it poss ib l e  t o  r e l e a s e  depa r tu re s  
as soon as a r r i v a l s  touch down, e l imina t ing  t h e  need t o  
inc lude  depa r tu re  gaps i n  t h e  landing sequence. 
The system i s  designed f o r  Instrument F l i g h t  Rules t r a f f i c  
on ly .  Thus p o s i t i v e  c o n t r o l  i s  assumed. 
w a s  f e l t  t h a t  t h e  system should be compatible with four  d e s i r a b l e  
of a te rmina l  ATC system. 
The system must have a time management c a p a b i l i t y  of  de lay ing  
a i r c r a f t  t h a t  are  ahead of schedule  and of expedi t ing  a i r -  
c r a f t  t h a t  are behind schedule .  
The system should minimize a i r s p a c e  usage. This  impl ies  t h a t  
a i r c r a f t  should be assigned s p e c i f i c  te rmina l  a r ea  paths  o r  
c o r r i d o r s  t o  f l y ,  The pa ths  should be speed segregated t o  
ease t h e  d i f f i c u l t y  i n  handl ing  a mix of a i r c r a f t  types wi th  
a l t i t u d e  and l a t e r a l  s e p a r a t i o n  f o r  s a f e t y .  They should be 
c l o s e  t o  t h e  a i r p o r t  and as d i r e c t  as poss ib l e  t o  minimize 
a i r c r a f t  f l i g h t  t i m e .  And they should be arranged f o r  ease 
i n  changing t h e  a c t i v e  runway i n  case of a wind s h i f t .  
The system should be s t r a t e g i c  i n  t h a t  t he  r e s p o n s i b i l i t y  f o r  
managing t h e  o v e r a l l  sequencing, vec to r ing ,  and s a f e t y  of a i r -  
c r a f t  i n  t h e  terminal  area should l i e  wi th  a computer on t h e  
ground, It was f e l t  t h a t  t h i s  c e n t r a l i z a t i o n  of r e s p o n s i b i l i t y  
i s  c o n s i s t e n t  wi th  t h e  philosophy of c e n t r a l i z e d  na t iona l  
schedul ing of  IFR f l i g h t s .  
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4 .  The system should d i r e c t  a i r c r a f t  t o  f l y  optimum descent-  
d e c e l e r a t i o n  p r o f i l e s  so as t o  minimize t h e i r  f l i g h t  t i m e  
w i t h i n  t h e  te rmina l  area.  
Terminal Su rve l l i ance  And Control  Equipment C a p a b i l i t i e s  
Control  of  a i r c r a f t  i n  a high d e n s i t y  te rmina l  a r ea  with proper 
sequencing and spac ing  r e q u i r e s  an  accu ra t e  p o s i t i o n  and v e l o c i t y  sensor  
system. This  system must a l s o  have a r ap id  t r a c k  update r a t e  t o  r e l a y  
c o n t r o l  information t o  and from t h e  a i r c r a f t .  
The present  day ATC system with i t s  s tandard radar and ILS does 
not  provide the  accuracy and d a t a  r a t e s  t h a t  would be requi red  f o r  t h i s  
c o n t r o l ,  L i s t ed  below are  some of  t h e  d a t a  a c q u i s i t i o n  c a p a b i l i t i e s  t h a t  
may be requi red  f o r  a computer con t ro l l ed  te rmina l  system: 
1. Three-dimensional search  and t r a c k  func t ions  
2.  Rapid t r a c k  update  c a p a b i l i t y  (1 second o r  g r e a t e r ) .  
3 .  Maximum p o s i t i o n a l  e r r o r  of  + 400 f t .  a t  t h e  o u t e r  te rmina l  
per imeter  wi th  t h e  e r r o r  decreas ing  t o  - + 100 f t .  a t  20 nm. 
from touchdown. 
4 .  Two way d a t a  l i n k  c a p a b i l i t y .  
Four systems were s tud ied  t o  determine t h e  c a p a b i l i t i e s  of a c q n t r o l  
system i n  t h e  per iod 1970 t o  2000 and they a r e  l i s t e d  below. 
I. Radar 
A. Ro ta t ing  Antenna (Improved) 
1. Range e r r o r  + 370 f t .  Az . 2 5 O  
2,  Track update-rate l imi t ed  t o  r o t a t i o n  
3 .  A l t i t u d e  through t ransponder  + 250 f t  
4 Greater  accu rac i e s  r equ i r ing  l a r g e  antenna 
B. Phase Array 
1. P o s i t i o n  e r r o r  + 360 f t .  (3-Dimensional) 
2 .  Track while  scan c a p a b i l i t y  (100 A/C) 
3 .  Data l i n k  c a p a b i l i t y  
4 .  Rapid update information f o r  c o n t r o l  
5. Transponder f o r  a l t i t u d e  (2-Dimensional) 
6 .  P o s i t i o n  e r r o r  + 100 f t .  a t  20 run - 
14 1 
11. Radio Beacon ( T r i l a t e r a t i o n  Systems) 
A .  Ground Based ( d i s c r e t e  coded) 
1, P o s i t i o n  e r r o r  + 300 f t .  up t o  150 m i l e s  
2 .  
3. Data l i n k  
4 .  Could be phased i n  wi th  present  day ATCRBS 
I n t e r r o g a t e  8005 A/C up t o  5 /sec .  
B .  S a t e l l i t e  Based 
1. P o s i t i o n  e r r o r  
2.  Ve loc i ty  e r r o r  1 f t . / s e c .  
3. Data l i n k  f o r  l imi t ed  te rmina l  c o n t r o l  
4 .  System s t i l l  on t h e  drawing board.  
A b r i e f  d e s c r i p t i o n  of each system fol lows.  
A i r  T r a f f i c  Control  Radar Beacon System (ATCRBS) 
The improved ATC r a d a r  beacon system w i l l  m e e t  most of t h e  requirements 
s t a t e d  previous ly  (with a t ransponder  equipped f o r  a l t i t u d e  information) 
except f o r  t h e  t r a c k  update  c a p a b i l i t y .  Track update  c a p a b i l i t y  i n  t h e  
te rmina l  area i s  an  important f a c t o r  i n  t h e  proposed te rmina l  model 
s i n c e  speed changes and pa-th de lays  a r e  used i n  sequencing and spacing.  
I n  t h i s  system, wi th  a mechanically r o t a t i n g  antenna,  da t a  rates a f f e c t  
t r ack ing  accuracy.  For t h i s  reason,  t he  r o t a t i n g  r ada r  beacon system, 
even wi th  improvements, seems lacking  f o r  p r e c i s e  te rmina l  c o n t r o l .  Data 
t ransmiss ion  t o  a i r c r a f t  i s  l imi t ed  by t h e  amount of t i m e  t h e  system can 
spend on t a r g e t .  System c a p a b i l i t i e s  include:  
1. Range accuracy + 370 f t .  
2 .  
3. Range r e s o l u t i o n  -- 350 f t .  
4 .  Azimuth reso lu t ion .  4OO-3O 
5. 
Azimuth accuracy .25 degree (center  marking) 
Eleva t ion  v i a  t ransponder  - + 250 f t .  
Phased Arrav Radar 
Various s t u d i e s  i n d i c a t e  t h a t  phased a r r a y  r ada r  i s  favored i n  the  
near f u t u r e  f o r  s u r v e i l l a n c e  and c o n t r o l  i n  t h e  te rmina l  area.  The 
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phased a r r a y  r ada r  o f f e r s  a t r a c k i n g  c a p a b i l i t y  a long  wi th  the  p o s s i b i l i t y  
of  providing a d a t a  l i n k  c a p a b i l i t y .  Presented below are  some of t h e  
expected advantages:  
1. Three-dimensional c a p a b i l i t y  wi thout  t ransponders  
2.  Maximum range e r r o r  a t  60 nm. could be less than  360 f t .  
3 .  Track whi le  scan  (up t o  100 t a r g e t s )  
4 ,  Rapid update ra te  of t r a c k  information 
5. I n t e r r o g a t o r  c a p a b i l i t y  
6 .  Data l i n k  c a p a b i l i t y  i n  t h e  t r a c k  mode 
7 .  I n t r u d e r  s u r v e i l l a n c e  
The sys tem's  disadvantages inc lude  t h e  following: 
1. Expensive, t hus  poss ib ly  l i m i t i n g  use  t o  h,gh dens i ty  te rmina l  
a r e a s .  
2 ,  Untested working prototype 
3 ,  Requires  d i g i t a l  c o n t r o l  of  beams s t e e r i n g  
4 ,  Frequency not  t h e  same as convent ional  r ada r .  ( A i r c r a f t  w i l l  
r e q u i r e  a new transponder)  
The Alexander Report  recommends phased a r r a y  i n t e r r o g a t o r s .  Moreover 
t h e  system does m e e t  t h e  requirements f o r  a automatic  type c o n t r o l  i n  t h e  
te rmina l  area. With more improvements, t h e  c a p a b i l i t i e s  may be extended 
t o  approach c o n t r o l ,  
Discrete Code Rangemordered T r i l a t e r a t i o n  System 
A range-ordered t r i l a t e r a t i o n  system o f f e r s  many unique f e a t u r e s  
e s s e n t i a l  t o  t h e  success fu l  implementation and ope ra t ion  of a i r  t r a f f i c  
c o n t r o l  systems. These f e a t u r e s  include: 
1. A b i l i t y  t o  i n t e r r o g a t e  over 8000 a i r c r a f t  i n  an  a i r  t r a f f i c  
c o n t r o l  area a t  ra tes  up t o  f i v e  t i m e s  per  second. 
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2. P o s i t i o n a l  accu rac i e s  of 300 f e e t  a t  ranges up t o  150 m i l e s  
3 ,  P o s i t i o n a l  accu rac i e s  a t  c l o s e  range commensurate wi th  b l i n d  
landing  system requirement.  
4 ,  Capab i l i t y  f o r  working wi th  r ada r  systems 
5. ICAO-compatible 
6.  
7 .  Inherent  two-way l i n k  c a p a b i l i t y  
A b i l i t y  t o  handle  o r d e r l y  phaseout of e x i s t i n g  equipment 
8 .  Minimal a i rbo rne  equipment 
9. Ready compa t ib i l i t y  wi th  ground c o l l i s i o n  avoidance system 
This system w a s  used i n  t h e  Los Angeles s tudy and has  t h e  accuracy 
and da ta  l i n k  c a p a b i l i t y  t h a t  i s  requi red  i n  a te rmina l  area. The system 
is  a l s o  t echno log ica l ly  and economically f e a s i b l e .  
The apparent  disadvantages a re  t h e  number of  s i tes  requi red  i n  a 
con t ro l  area and a l i n e  of  s i g h t  requirement from t h r e e  s t a t i o n s  t o  
t h e  a i r c r a f t .  
TABLE 3 , 7  PARAMETERS OF CONTROL FOR THE 
LOG ANGELES A I R  TRAFFIC CONTROL AREA (400 NM by 800 NM) 
In t e r roga -  Maximum 
t i o n  per iod-  P o s i t  i on  
I t e m  Number seconds e r r o r  ( f t )  
In t e r roga ted  a i r c r a f t  8 , 000 
F i n a l  approach a i r c r a f t  300 1 / 5  25 
Terminal a i r c r a f t  1 400 1 100 
High d e n s i t y  en rou te  425 1 100 
En rou te  and VFR a i r c r a f t  5,875 3 600 
Number of r a d a r  i n  area: 
Enroute 8 
Terminal 5 
Number of  a i r c r a f t  seen  by one 
en rou te  r ada r  2 , 500 
Noise r e p o r t s  2 50 
Number of a i r c r a f t  seen  by one 
terminal  r a d a r  1 , 000 
Noise r e p o r t s  100 
(percent)  0 . 1  
Number of f a  i 1 ing  transceivers 
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TABLE 3.8 MINIMUM COST OF GENERAL AVIATION CONTROL EQUIPMENT 
Item c o s t  
Basic t ransponder  
A l t i t u d e  encoder 
Antennas ( 2 )  








S a t e l l i t e  System 
Alrhough t h i s  system lends i t s e l f  t o  area naviga t ion  the  p red ic t ed  
accuracy of t h e  system forces  a cons ide ra t ion  of usage near t h e  te rmina l  
area. Using t h r e e  s a t e l l i t e s  wi th  hTghest e l e v a t i o n  angles  from a f i v e -  
s a t e l l i t e  c o n s t e l l a t i o n ,  accu rac i e s  can be obtained i n  p o s i t i o n  e r r o r  o f  
100 f t .  and v e l o c i t y  e r r o r s  of  l f t . / s e c .  ( important  inf low con t ro l )  any- 
where i n  t h e  c o n t i n e n t a l  United S t a t e s .  The system a l s o  has  d a t a  l i n k  
c a p a b i l i t i e s .  The system would r e q u i r e  a n  a c t i v e  t ransponder  a t  c o s t  
equiva len t  t o  t h e  p re sen t  radar  t ransponder .  
designed and t e s t e d .  The c o s t  o f  s a t e l l i t e s ,  system deployment, and 
The system has  y e t  t o  be 
c o s t  o f  a i rbo rne  equipment f o r  naviga t ion  information is  a p r o h i b i t i v e  
f a c t o r  a t  t h i s  t i m e .  
Co nc l u s  ion  
It i s  gene ra l ly  agreed t h a t  t h e  t r a c k  d a t a  update i n  t h e  te rmina l  
area should be one second o r  g r e a t e r .  O f  t h e  systems inves t iga t ed  the  
phased a r r a y  type  r ada r  b e s t  s a t i s f i e s  t h e  accuracy requi red  p lus  the  
t r a c k  d a t a  update c a p a b i l i t y .  The phased a r r a y  r ada r  can take  on two 
bas i c  forms, e i t h e r  t h e  two-dimensional phased a r r a y  is  less expensive 
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but  r e l i e s  on a t ransponder  f o r  a l t i t u d e  information.  The three-dimensional  
system .is more v e r s a t i l e  i n  a h igh  d e n s i t y  te rmina l  area s i n c e  knowledge 
of t h e  a l t i t u d e  of i n t r u d e r s  and a i r c r a f t  with non-operat ional  t ransponders  
i s  known and t h e  sys tem's  accu rac i e s  could be incorporated i n t o  approach 
c o n t r o l .  The ground based t r i l a t e r a t i o n  system and t h e  s a t e l l i t e  system 
a l s o  m e e t  t h e  requirements of c o n t r o l  i n  a te rmina l  a r e a .  
A poss ib l e  development by t h e  1980 ' s  f o r  high d e n s i t y  t e rmina l s  
would be phased a r r a y  r ada r  as a primary c o n t r o l  system wi th  ground 
based t r i l a t e r a t i o n  s i t e s  near t h e  te rmina l  as back up, y i e l d i n g  t h e  
expected accu rac i e s  and c a p a b i l i t i e s  o f :  
1. Terminal p o s i t i o n  accuracy - + 360 f t .  a t  60 m. 
2 ,  Terminal p o s i t i o n  a c c u r a c y +  100 f t 6  a t  20 nm. 
3 ,  Data Rate ( t r ack ing  and c o n t r o l )  l / s e c .  
4 ,  Tracking c a p a b i l i t y  ( con t ro l )  100 t a r g e t s  a t  h igh  da ta  rates. 
Future  developments i n  t h e  post  1980 per iod may prove t h a t  t h e  
s a t e l l i t e  o r  t h e  ground t r i l a t e r a t i o n  system i s  more capable  of handl ing 
a i r c r a f t  i n  a high d e n s i t y  te rmina l  a r e a  as t h e  primary system wi th  t h e  
phased a r r a y  radar  used a s  a system backup, A system of t h i s  type could 
y i e l d  advantages such as: 
1, P o s i t i o n  accuracy ( con t inen ta l )  - + 100 f t .  
2. Data r a t e s  of  l / s e c .  o r  g r e a t e r  
3 .  Command guidance f o r  10,000 a i r c r a f t  i n  t h e  U , S .  a t  h igh  d a t a  
r a t e s  e 
4 .  Approach guidance t o  mul t ip l e  runways (using t h e  phased a r r a y  
r ada r  ~ 
5, Veloc i ty  accuracy of 1 f t , / s e c .  
The T i m e  Frequency system was not considered i n  t h i s  s tudy because 
of t h e  high c o s t  of a m a c c u r a t e  c lock  p r o h i b i t s  i t s  use i n  s m a l l  a i r c r a f t ,  
146 
and more important t h e  system r e l i e s  on cockpi t  management r a t h e r  than 
ground c o n t r o l  
No mention has  been made about t h e  computer o r  t h e  program needed 
t o  accomplish t h e  c o n t r o l  func t ion ,  bu t  r e p o r t s  on t h i s  s u b j e c t  i n d i c a t e  
t h a t  t he  computer technology i s  o r  w i l l  be a v a i l a b l e  t o  handle  t h e  problem 
by 1980. 
A i r c r a f t  Flow i n t o  t h e  Terminal Area 
A te rmina l  a r e a  w i l l  have an  upper l i m i t  of  landings t h a t  i t  w i l l  
handle i n  a spec i f i ed  t ime based on some l i m i t i n g  f a c t o r  such a s  t r g i l i n g  
v o r t i c e s  o r  spacing l i m i t a t i o n s  of a i r c r a f t  a t  each runway. 
To land  a i r c r a f t  a t  t he  maximum acceptance r a t e  t he  a i r c r a f t  would 
have Lo be de l ive red  t o  the  landing threshold  inc luding  d e l i v e r y  e r r o r  
and p o t e n t i a l  waveoffs a t  l e s s  than  o r  equal  t o  t h i s  r a t e .  In  o rde r  t o  
e l imina te  ex tens ive  maneuvering de lays  i n  t h e  te rmina l  a r e a  and s t i l l  
meet the  maximum acceptance r a t e ,  a i r c r a f t  must be metered i n t o  a te rmina l  
system i n  some o r d e r l y  fash ion  which al lows f o r  an  e r r o r  t h a t  can  be 
cor rec ted  i n  a s m a l l .  a rea ,  With a metered type flow c o n t r o l  i n t o  the  
te rmina l  a r e a  it  is  not  so important t h a t  a r r i v a l s  meet on o r i g i n a l  
scheduled t i m e  s l o t .  The important po in t  i s  t h a t  they meet an  open t i m e  
s l o t  t h a t  can be dynamically scheduled dur ing  t h e  enroute  phase. The 
meter ing system suggested i n  t h i s  r e p o r t  i s  s i m i l a r  t o  t h a t  suggested 
by the  A i r  T r a f f i c  Control  Advisory Committee with primary emphasis 
placed on t h e  meter ing of a i r c r a f t  from t h e  enroute  phase t o  t h e  te rmina l  
phase. The purpose i s  t o  d e l i v e r  a i r c r a f t  t o t t h e  te rmina l  i n  a s p e c i f i e d  
time s l o t  wi th  a n  e r r o r  less than  o r  equal  t o  a runway acceptance time 
i n t e r v a l .  The syscem would use a c e n t r a l  c o n t r o l  f o r  schedul ing and 
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c o n t r o l  of all a i r c r a f t  i n  f l i g h t  t o  h igh  d e n s i t y  te rmina ls .  The fol lowing 
procedures could be used f o r  meter ing a i r c r a f t  i n t o  a high d e n s i t y  te rmina l  
t o  meet t h i s  t i m e  i n t e r v a l .  
1, A f l i g h t  plan s i m i l a r  t o  present  day is  f i l e d .  A c l ea rance  
is  g iven  based on an  open t i m e  s l o t  (2 one minute nominally 
a t  t h e  d e s t i n a t i o n  a i r p o r t  runway, 
2 .  Enroute monitor ing a t  f l i g h t  r o u t e  c o n t r o l  po in t s  i s  conducted 
t o  compare a c t u a l  p o s i t i o n  ve r sus  t h e  pred ic ted  schedu le ' s  
p o s i t i o n ,  
3 ,  I f  minor dev ia t ions  e x i s t  i n  t h e  Estimated Time of A r r i v a l  
(ETA), c o r r e c t i o n s  are made i n  f l i g h t  t o  compensate them, 
4 ,  I f  a i r c r a f t  m e e t s  f l i g h t  cond i t ions  t h a t  do not a l low 
meeting scheduled a r r i v a l  t i m e ,  t h e  c e n t r a l  c o n t r o l  searches  
f o r  another  t i m e  s l o t  t h a t  can  be m e t ,  
5. I f  a new time s l o t  i s  no% a v a i l a b l e  a check i s  made t o  see 
i f  another  f l i g h t  o r  f l i g h t s  t o  t h e  a i r p o r t  can be modified 
t o  open 8.n a v a i l a b l e  t i m e  s l o t .  Since a. h igh  dens i ty  a i r p o r t  
may have m u l t i p l e  runways a check i s  a l s o  made of a l l  runway 
t i m e  slots a t  t h e  a i r p o r t .  
6 ,  Under t h e  extreme cond i t ion  t h a t  a t i m e  s l o t  cannot be m e t ,  
t h e  a i r c r a f t  will b e  held a t  t h e  o u t e r  te rmina l  radfus  
(approximately 60 nm.) u n t i l  an  opening occurs .  
7 ,  E r r o r s  up t o  a minute are co r rec t ed  i n  t h e  preapproach phase. 
These b a s i c  procedures would r e q u i r e  computer c o n t r o l  f o r  flow 
regu la t ion  and a more s t r a t e g i c  type  naviga t ion  tnan  used a t  present .  
Primary sequencing would then  be done whi le  t h e  a i r c r a f t  i s  i n  t h e  enroute  
phase, Secondary sequencing would be done i n  t h e  te rmina l  a r e a  t o  
compensate f o r  t h e  e r r o r  i n  d e l i v e r y .  A system of t h i s  type  is  
f easab la  s i n c e  f o r  a f l i g h t  of 90 minutes o r  less a p r e c i s e  depar ture  
and a r r i v a l  t i m e  can be m e t ,  Longer f l i g h t s  may r e q u i r e  a n  exac t  
a r r i v a l  t i m e  t o  be assigned a t  m i d f l i g h t .  12 
Using accura t e  a r e a  naviga t ion ,  a i r c r a f t  could be handed o f f  from 
t h e  enroute  t o  te rmina l  system a t  t h e  te rmina l  acceptance rate wi th  
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d e l i v e r y  e r r o r s  no t  exceeding one runway time s l o t  ( i .e .  i f  one runway 
can  land one plane p e r  minute t h e  pro jec ted  e r r o r  i n  d e l i v e r y  t o  the  
runway would be no g r e a t e r  than  one minute of schedules  t i m e  t o  land 
under normal c o n t i t i o n s ) .  A d e l i v e r y  of t h i s  type would f a c i l i t a t e  
sequencing i n  t h e  te rmina l  area since under t h e  worst  case a c l u s t e r  
of  t h r e e  a i r c r a f t  would be competing f o r  t h e  same landing threshold  time.. 
Normally i n  the  termiglal a rea  t h e  maneuvering space i s  l imi t ed  and t h e  
model introduced i n  t h i s  r e p o r t  can compensate f o r  an  e r r o r  of approxi-  
mately one minute i n  d e l i v e r y  (using a maneuver a r e a  with a f i v e  mi le  
r ad ius  before  approach).  
Airspace S t r u c t u r e  
The a i r s p a c e  s t r u c t u r e  i s  a syn thes i s  of  many arrangements t h a t  
have been advanced. Each arrangement t akes  advantage of a s l i g h t l y  
d i f f e r e n t  s e t  of a i r  t r a f f i c  c o n t r o l  procedures,  and because few simula- 
t i o n s  of advanced concepts  have been conducted, t h e  r a t i o n a l  f o r  an 
airspace s t r u c t u r e  rests with how we l l  i t  serves  t h e  system and philosophy 
of which it i s  designed t o  be a p a r t .  For t h e  s i n g l e  a i r p o r t ,  s i n g l e  
runway conf igu ra t ion  of F igure  3.30 has  been s e l e c t e d  as being c o n s i s t e n t  
with t h e  c o n s t r a i n t s  of  t h e  s tudy and contain$ng t h e  d e s i r a b l e  aspects 
prev ious ly  mentioned, 
Since t h e  s t r u c t u r e  i s  designed around t h e  ILS system, t h e r e  i s  
a high speed approach path feeding  a i r c r a f t  t o  t h e  h igh  speed ILS 
course,  wi th  medium speed and low speed approach pa ths  feeding t h e  
medium and low speed PLS courses ,  r e spec t ive ly .  The high,  medium, and 
low speed approach pa ths  a r e  l a t e r a l l y  separa ted  by two n a u t i c a l  m i l e s  




Figure  3.30 
This  i s  d e s i r a b l e  f o r  four  reasons.  Longer paths  take  l e s s  t i m e  f o r  
high s p e e d  a i r c r a f t  t o  f l y  than  low s p e e d  a i r c r a f t .  The high speed ILS 
ga te  i s  f a r t h e s t  from t h e  a i r p o r t  and must be fed from f u r t h e r  ou t .  
High speed a i r c r a f t  have l a r g e r  t u rn ing  r a d i i  r equ i r ing  more room f o r  
maneuvers. And, t h e  s p e c i f i c  arrangement a l lows f o r  a convenient f i t  
o f  t he  pa ths  i n t o  t h e  a i r s p a c e .  The approach courses  a r e  a l t i t u d e  
separa ted  by 1000 f e e t  wi th  t h e  high speed a t  3500 f e e t ,  the  medium 
speed a t  2500 f e e t ,  and the  low speed a t  1500 f e e t .  This  i s  reasonable  
because it i s  d e s i r a b l e  t o  keep the  high i n t e n s i t y  noise  a t  h ighe r  
a l t i t u d e s .  Also,  s i n c e  high performance a i r c r a f t  gene ra l ly  ope ra t e  a t  
h igher  a l t i t u d e s ,  descent  t o  high approach paths  i s  d e s i r a b l e  from a 
sepa ra t ion - fo r - sa fe ty  s t andpo in t ,  The d i s t ances  t h e  paths  l i e  from t h e  
a i r p o r t  compare favorably with the  d i s t ances  used i n  t h e  FASA and MATITAS 
s imula t ions ,  t h e  New York Metroplex arrangement, and t h e  arrangements 
discussed i n  t h e  r e fe rences .  
The number and geometric arrangement of descent  c o r r i d o r s  feeding 
i n t o  t h e  approach pa ths  a r e  determined by t h e  most d i r e c t  i n t e r n a t i o n a l  
rou te s  used by t h e  a r e a  naviga t ion  system. However, near t he  a i r p o r t ,  
descent  c o r r i d o r s  t h a t  i n t e r s e c t  t h e  approach pa ths  on headings p a r a l l e l  
and perpendicular  t o  the  runway heading a r e  advantageous because the  
symmetry a l lows  t h e  a c t i v e  runway t o  be changed wi thout  changing t h e  
descent  c o r r i d o r s .  The descent  c o r r i d o r s  a r e . . l a t e r a l l y  separa ted  by 
four  n a u t i c a l  m i l e s  i n  accord wi th  the  views of r e fe rence  13. 
The approach f i x  arrangement was chosen i n  conjunct ion  wi th  the  
procedures f o r  computerized handl ing of te rmina l  a r e a  t r a f f i c .  I n  
genera l ,  f i x e s  on the  h igher  speed approach courses  are  f a r t h e r  from 
the  a i r p o r t ,  
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ATC Procedures and Sequencing Logic 
The procedures and 'logic of t h e  system a r e  taken from t h e  Federa l  
Avia t ion  Adminis t ra t ion '  s FASA and MST/TAS14 s imula t ion  s t u d i e s  w i t h  two 
important d i f f e r e n c e s .  F i r s t ,  t h e  FASA, MATITAS s t u d i e s  use  computerized 
sequencing as  an a i d  t o  t h e  a i r  t r a f f i c  c o n t r o l l e r ,  who r e t a i n s  vec to r ing  
and d e c i s i o n  making r e s p o n s i b i l i t y .  Although t h e  p i l o t  w i l l  remain 
r e spons ib l e  f o r  t h e  s a f e  ope ra t ion  o f  h i s  a i r c r a f t  t h e  c o n t r o l l e r  will 
assume a superv isory  c a p a c i t y  overseeing t h e  computerDs handl ing o f  
a i r c r a f t ,  t h e  reasons be ing  t h a t  t h e  expected h igh  dens i ty  of t r a f f i c  i n  
t h e  te rmina l  a r e a  w i l l  make s o p h i s t i c a t e d  dec i s ion  making necessary and 
t h e  cont inuous updat ing of scheduleing and maneuvering t o  opt imize 
ope ra t ions  w i l l  preclude t h e  c o n t r o l l e r  as a communications l i n k .  Secondly, 
c u r r e n t  sequencing l o g i c s  a s c e r t a i n  t h e  dev ia t ion  i n  t h e  a i r c r a f t O s  
a r r i v a l  t i m e  a t  t h e  d e l i v e r y  poin t  and c o r r e c t  t h e  e r r o r  wi th  a count-  
down t u r n  t o  f i n a l  approach, l5 It i s  f e l t  t h a t  t h e  pro jec ted  improvement 
i n  te rmina l  s u r v e i l l a n c e  and c o n t r o l  equipment w i l l  enable  a f u t u r e  
te rmina l  a i r  t r a f f i c  c o n t r o l  computer t o  cont inuously c o r r e c t  dev ia t ions  
from schedule .  The fo l lowing  i s  a. d e s c r i p t i o n  of t h e  ope ra t ing  l o g i c  
and procedures envisioned i n  t h e  f u t u r e  a i r  t r a f f i c  c o n t r o l  system, (See 
F igure  3 . 3 1 . )  
1. The a i r c r a f t  arrives a t  t h e  o u t e r  per imeter  
of  t h e  te rmina l  area w i t h i n  some e r r o r  of i t s  schedule  t ime 
of a r r i v a l .  Terminal a i r  t r a f f i c  c o n t r o l  begins  t r ack ing  t h e  
a i r c r a f t  and knowledges t h e  a i r c r a f t * s  en t rance  i n t o  t h e  
te rmina l  area., 
2, Tentative Scheduling. The te rmina l  a i r  t r a f f i c  c o n t r o l  computer 
has  t h e  a i r c r a f t a s  performance p r o f i l e  i n  memory and computes 
i t s  D i r e c t  Course of  Touchdown, DCTT, v i a  t h e  va r ious  approach 
courses  by adding t h e  a i r c r a f t ' s  f a s t e s t  t i m e  t o  f l y  t h e  
descent  and t r a n s i t i o n  approach t o  i t s  t i m e  t o  f l y  t h e  f i n a l  
approach i n  the  ILS,  a t  t h e  a i r c r a f t ' s  optimum f i n a l  approach 
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Figure 3.31: Vertical Airspace and Flight Plan Profile 
3 ,  
4 .  
5,  
speed. The computer then  searches  the  t e n t a t i v e  landing sequences 
f o r  an  optimum S e n t a t i v e l y  Scheduled T i m e  of Touchdown, TSTT, by 
comparing t h e  a i r c r a f t ' s  DCTT with  t h e  TSTT's of a l r eady  ten ta-  
t i v e l y  seheduled a i r c r a f t ,  looking f o r  t h e  b e s t  f i t  f o r  a l l  
a i r c r a f t  on t h e  b a s i s  of t h e  following: 
I f  t h e  a i r c r a f t  i s  heav i ly  a r r i v a l  weighted, 
i . e .  p re fe r r ed ,  it is  assigned a TSTT as c l o s e  
t o  i t s  DC'ET as poss ib l e ,  perhaps s tepping  i n t o  
t h e  sequence ahead of a l r eady  t e n t a t i v e l y  scheduled 
a i r c r a f  t., 
The TSTT should p l ace  t h e  a i r c r a f t  i n  a sequence 
t h a t  w i l l  land it t h e  minimum a l lowable  time o r  
d i s t a n c e  behind t h e  a i r c r a f t  preceeding i t  i n  t h e  
sequence, A l t e r n a t i n g  r i g h t  and l e f t  s i d e  approaches 
a re  d e s i r a b l e o  
N o  a i r c r a f t  may be seheduled s o  a s  t o  incur  more 
than  t h e  maximum delay  t h e  system i s  capable  o f '  
absorb ing ,  I f  t h i s  i s  not  poss ib l e ,  t h e  a i r c r a f t  
i s  s tacked a t  t h e  o u t e r  per imeter ,  
Standard Descent,  I f  Che a i r c r a f t  can be scheduled, it i s  
cleared foF a 5-10 n a u t i c a l  m i l e  s tandard descent  i n  one of  
t h e  descent  c o r r i d o r s ,  The computer uses  t h i s  t i m e  t o  scan  
o t h e r  a r r i v a l s  and r e c a l c u l a t e  t h e  landing sequence f o r  a l l  
t e n t a t i v e l y  scheduled a i r c r a f t ,  looking f o r  t h e  b e s t  f i t ,  
A s  a i r c r a f t  i n  t h e  s tandard deseent  phase have not  y e t  been 
ass igned  a descen t ldeee le ra t ion  p r o f i l e ,  changes i n  t h e  
sequence a t  t h i s  s t a g e  can be made without  having t o  a l te r  
t h e  a i r c r a f t ' s  f l i g h t  p r o f i l e ,  
Ten ta t ive  Schedule Assignment. 
n a u t i c a l  m i l e s ,  t h e  a i r c r a f t  i s  assigned t h e  computer 's  c u r r e n t  
optimum TSTT and is  given an  approach path to f l y ,  The computer 
t hen  e a l e u l a t e s  a Ten ta t ive  A r r i v a l  T i m e  a t  t h e  brier Approach 
Fix ,  TAT-UF, and a s s igns  a descen t /dece le ra t i sn  p r o f i l e  t h a t  
w i l l  d e l i v e r  t h e  a i r c r a f t  t o  t h e  U P  on schedule ,  
A f t e r  p e n e t r a t i n g  5-10 
Descent lDecelerat ion.  A s  t h e  a i r c r a f t  i s  assigned a t e n t a t i v e  
schedule ,  it i s  given a h ighe r  F r i o r i t y  so  t h a t  i t  is  less 
l i k e l y  t h a t  it w i l l  be s l i pped  back i n  t h e  sequence, r equ i r ing  
a n  undes i rab le  midcourse a l t e r a t i o n  of  t he  descen t ldece le ra t ion  
p r o f i l e .  The computer, however, i s  cont inuously updat ing t h e  
landing  sequence and may a l t e r  t h e  schedules  and descent /  
d e c e l e r a t i o n  p r o f i l e s  of  any o r  a l l  t e n t a t i v e l y  scheduled 
a i r c r a f t  i f  i t  f i n d s  a more advantageous sequence. The 
deseen t /deee le ra t ion  p r o f i l e  is t a i l o r e d  t o  t h e  a i r c r a f t ' s  
performance c a p a b i l i t y  and b r ings  t h e  a i r c r a f t  t o  i t s  appropr i -  
a t e  t r a n s i t i o n  speed and approach path a l t i t u d e  a t  l e a s t  f i v e  
n a u t i c a l  m i l e s  ou t  from t h e  f i r s t  Middle Approaeh Fix,  MAP, 
t h e  a i r c r a f t  encounters  e 
154 
6.  Firm Schedule Assignment. A t  f i v e  n a u t i c a l  m i l e s  from t h e  MAP, 
t h e  computer f i rmly  schedules  t h e  a i r c r a f t .  The a i m r a f t ' s  
c u r r e n t  TSTT is  adopted i f  no p r i o r i t y  s l i p  i n  t h e  sequence 
has  occurred.  O r ,  t h e  computer a s s igns  a n  updated F i r m  
Scheduled T i m e  o r  touchdown, FSTT, i f  t h e  a i r c r a f t  has accured 
a n  e r r o r  i n  h i s  schedule  t h a t  t h e  computer has not  been a b l e  
t o  c o r r e c t  by o rde r ing  speed change maneuvers i n  t h e  descent  
s t age .  I f ,  a t  t h i s  t ime,  a d i f f e r e n t  approach path would 
be more advantageous, t h e  computer may o rde r  a " las t  chance" 
d i v e r t  t o  another  approach path.  The landing  sequence cannot 
be a l t e r e d  onee t h e  a i r c r a f t  i s  f i rmly  scheduled. The computer 
then  a s s igns  a T i m e  of  A r r i v a l  a t  t h e  IAF, TA-IAF, and a 
f i n a l  approach p r o f i l e  as descr ibed i n  t h e  F i n a l  Approach 
s e c t i o n .  
7 .  F ine  Maneuvering. The computer now i n d i c a t e s  l a t e r a l  and speed  
change maneuvers t o  the  a i r c r a f t  which w i l l  d e l i v e r  it t o  the  
IAF a t  i t s  assigned t i m e ,  a t  i t s  f i n a l  approach speed. 
8. F i n a l  Approach. I f  t h e  a i r c r a f t  a r r i v e s  a t  t h e  IAF w i t h i n  
a l lowable  s tandard  dev ia t ion  l i m i t s  o f  i t s  assigned t i m e ,  
it is  released f o r  a f i n a l  approach according t o  i t s  f i n a l  
approach p r o f i l e .  I f  t h e  a i r c r a f t  cannot a r r i v e  w i t h i n  
accep tab le  l i m i t s ,  it must dec la re  a m i s s e d  approach. 
T i m e  M a  nag ement C a pa b i 1 it y 
System l o g i c  must be supported on a sound mathematical  foundat ion.  
A mathematical  a n a l y s i s  i s  necessary t o  demonstrate system performance 
wi th  t h e  c o n s t r a i n t s  imposed oncthe system. By system performance is  
meant t h e  a b i l i t y  t o  accommodate a i r  t r a f f i c  a t  t h e  a i r p o r t  acceptance 
r a t e  wi th  a s p e c i f i e d  s e p a r a t i o n  maintained between a i r c r a f t .  This  
s e c t i o n  desc r ibes  t h e  assupt ion;  c o n s t r a i n t s ,  and geometry used i n  
support  of t h e  des ign  model from t h e  te rmina l  boundary t o  t h e  i n i t i a t i o n  
of f i n a l  approach. A s tudy w a s  performed t o  determine t h e  t i m e  manage- 
ment c a p a b i l i t y  i n  t h e  system o r  a b i l i t y  t o  compensate f o r  i nhe ren t  
t iming e r r o r s .  
considered acceptab le .  
An e r r o r  of - + 5 seconds a t  t h e  inner  approach f i x  w a s  
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A s i m p l e  geometry i s  d e s i r a b l e  f o r  two primary reasons: 
1. The t i m e  requi red  by a computer t o  s o l v e  t h e  r e s u l t i n g  mathe- 
ma t i ca l  express ion  i s  minimized. A s  has  been ind ica t ed  
previous ly ,  a l l  a i r c r a f t  p o s i t i o n a l  information and d i r e c t i o n s  
w i l l  be processed through a ground based computer f a c i l i t y .  
It i s  advantageous t o  reduce computation t i m e  as f a r  as 
poss ib l e  i n  order  t o  improve t r a f f i c  handl ing c a p a b i l i t i e s  
2.  F l i g h t  pa th  geometry i s  easy t o  n e g o t i a t e  by p i l o t  personnel ,  
P r i o r  t o  landing t h e  p i l o t  fol lows prescr ibed  procedures 
which r e q u i r e  cons iderable  e f f o r t  and a t t e n t i o n .  Therefore ,  
i n  o rde r  t o  reduce p i l o t  f a t i g u e  and t h e  p r o b a b i l i t y  of a i r -  
c r a f t  p o s i t i o n  e r r o r ,  a minimum number of i n f l i g h t  maneuvers 
should be designed i n t o  t h e  system. 
I n  t hese  reasons and i n  cons ide ra t ion  of a i r  c o l l i s i o n  avoidance 
t h e  fol lowing r e s t r a i n t s  were imposed i n  the  t i m e  management ana lys i s :  
1. A l l  t u r n  maneuvers w i l l  be accomplished a t  a h a l f  s tandard  
ra te  o r  1.5 degrees  per  second. 
2 .  F i n a l  t u rn ing  maneuvers w i l l  be performed w i t h i n  a f i v e  
n a u t i c a l  m i l e  r ad ius  of t h e  middle approach f i x ,  
Terminal Boundary 
A s  has  been ind ica t ed  i n  s e c t i o n  3.5,  t e rmina l  c o n t r o l  and s u r v e i l -  
l ance  equipment a r e  expected t o  m e e t  a p o s i t i o n  e r r o r  of - + 360 f e e t  a t  
t h e  te rmina l  boundary. However, it is  not  unreasonable t o  assume t h a t  
l a r g e r  e r r o r s  could develop due t o  f a u l t y  equipment o r  p i l o t  e r r o r .  The 
system should be designed to respond, t h e r e f o r e ,  t o  t hb  l a r g e s t  a n t i -  
c ipa t ed  e r r o r  whi le  cons ider ing  i t s  p r o b a b i l i t y  of  occurrence.  For 
planning purposes,  it w a s  decided t o  cons ider  a system capable  of 
responding t o  a r r i v a l  t i m e  e r r o r s  of - + 1 minute (16,230 f e e t  a t  180 
knots)  e 
Since a super  s a t u r a t e d  cond i t ion  w i l l  never be permit ted t o  
develop, t he  a i r c r a f t  a r r i v a l  r a t e  must be less than  o r  equal  t o  t h e  
a i r p o r t  landing c a p a b i l i t y .  It w a s  considered reasonable  t o  use 90 
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a i r c r a f t  per  hour ( i n t e r a r r i v a l  t i m e  of 40 seconds) as  a i r p o r t  capac i ty .  
This f i g u r e  r ep resen t s  a s u b s t a n t i a l  improvement over  percent  landing 
c a p a b i l i t i e s .  Providing some cushion f o r  i n f l i g h t  emergencies and go- 
arounds,  t h e  a i r c r a f t  a r r i v a l  ra te  a t  t h e  te rmipa l  boundary w a s  l imi t ed  
t o  86 a i r c r a f t  pel: hour.  
Upon e n t e r i n g  t h e  te rmina l  boundary from any quandrant a i r c r a f t  
are  d i r e c t e d  t o  fol low one of t h r e e  a i r  c o r r i d o r s  t o  t h e  middle approach 
f i x .  
allowed t o  f a l l  s h o r t  o f  40 seconds. I n  most ca ses  spacing w i l l  be 
cons iderably  g r e a t e r  because wi th  m u l t i p l e  c o r r i d o r s  a v a i l a b l e  t o  a r r i v i n g  
a i r c r a f t ,  t h e r e  i s  a low p r o b a b i l i t y  t h a t  one a i r c r a f t  w i l l  be requi red  
t o  fol low immediately behind another  a long a common path.  
per iod a i r c r a f t  d e c e l e r a t e  t o  t r a n s i t i o n  speed and decend t o  a s p e c i f i e d  
a l t i t u d e  whi le  a t tempt ing  t o  c o r r e c t  p o s i t i o n  error .  Upon reaching a 
poin t  f i v e  n a u t i c a l  m i l e s  from t h e  middle approach f i x ,  however, some 
p o s i t i o n  e r r o r  may s t i l l  be p re sen t .  
The spacing between a i r c r a f t  a long a given c o r r i d o r  w i l l  no t  be 
During t h i s  
T i m e  Maneuver Area 
I n  o rde r  t o  achieve accuracy of - + 5 seconds a t  t h e  inner  approach 
f i x  t h e  system incorpora t e s  f i v e  maneuver a r e a s ,  one f o r  each ILS ga te .  
A i r c r a f t  w i t h i n  t h e s e  areas main ta in  a cons tan t  a l t i t u d e  and d e c e l e r a t e  
from t r a n s i t i o n  t o  approach speeds.  A s impl i fy ing  assumption of  
cons tan t  speed terms w a s  made, however, f o r  t h e  a n a l y s i s .  Also, wind 
e f f e c t s  were neglec ted .  By d i r e c t i n g  t h e  a i r c r a f t  t o  fol low sr s p e c i f i e d  
f l i g h t  pa th  w i t h i n  the maneuver a r e a s ,  t h e  computer i s  a b l e  t o  c o r r e c t  
a i r c r a f t  p o s i t i o n  e r r o r s .  The reader  is d i r e c t e d  t o  the  system schematic 
F igure  3 . 3 2 .  It can be seen t h a t  four  maneiver conf igu ra t ions  are  
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depicted f o r  t h i s  t y p i c a l  system. An a n a l y s i s  of each maneuver 
conf igu ra t ion  wi th  i t s  appropr i a t e  mathematical express ion  fol lows.  
The expressions re la te  t h e  e r r o r  compensation t o  t h e  parameter which i s  
var ied  dur ing  t h e  maneuver. 
The express ions  are  wr i t t en : in  the  fol lowing t e r m s :  
R-maneuver area r ad ius  i n  n a u t i c a l  m i l e s  
r - r a d i u s  of  cu rva tu re  i n  n a u t i c a l  m i l e s  determined by t h e  express ion  
where d is t h e  arc  length  = Qr 
8 - ang le  of  t u r n  i n  degrees  
B r a  angle  o f  t u r n  i n  rad ians  
V - a i r c r a f t  v e l o c i t y  i n  n a u t i c a l  m i l e s  per  minute 
D - t o t a l  f l i g h t  path d is tance  i n  n a u t i c a l  m i l e s  
@ - ang le  between t h e  maneuver a rea  e n t r y  po in t  (EP) and t h e  inner  
approach f i x .  
Conf igura t ion  A 
This  conf igu ra t ion  is  appropr i a t e  when t h e  e n t r y  po in t  (EP),  t h e  
middle approach f i x ,  and t h e  inne r  approach f i x  l i e  along a common 
s t r a i g h t  l i n e .  (Refer t o  F igure  3 .33)  
Three poss ib l e  f l i g h t  paths  a r e  shown f o r  t h e  maneuver conf igu ra t ion .  
The s t r a i g h t  l i n e  pa th  i s ,  of course  t h e  s h o r t e s t  rou te  t o  t h e  IAF, 
a i r c r a f t  i ncu r r ing  t h e  e a r l i e s t  a l lowable a r r i v a l  e r r o r  would be d i r e c t e d  
t o  fol low t h i s  path.  Longer, curved paths  would be followed by a i r c r a f t  
i ncu r r ing  smaller e a r l y  a r r i v a l  e r r o r s ,  on t ime, o r  l a t e  a r r i v a l  e r r o r s .  
The curved path i s  symmetrical. By monitor ing t h e  a i r c r a f t  a i r speed  and 
time of a r r i v a l  a t  t h e  PE, t he  computer is a b l e  t o  spec i fy  t h e  appropr i a t e  
f l i g h t  path us ing  t h e  fol lowing mathematical  express ion  which r e l a t e s  
f l i g h t  path d i s t a n c e  t o  angle  of  tu rn :  
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D = (( R - r t a n  8 /2 ) sec  e - r ( t a n  8 + t a n  0/2)  + V 8 / 4 5 )  ( 3  P 3 1 )  
Thus, by spec i fy ing  t h e  ang le  i n  which t h e  t u r n s  a r e  performed, t h e  
t i m e  requi red  t o  f l y  from E r  t o  IAF may be s p e c i f i e d .  The fol lowing t a b l e  
i n d i c a t e s  t h e  f l i g h t  t ime-angle of t u r n  r e l a t i o n s h i p  f o r  t y p c i a l  a i r speeds .  
F l i g h t  t imes a r e  expressed i n  minutes: 
TABLE 3 . 9  FLIGHT TIME-ANGLE OF TURN RELATIONSHIP FOR TYPICAL AIRSPEED 
Angle of t u r n  Airspeed (knots) 
85 115 135 140 165 
00 7 . 0 6  5 ,22  4.44 4.28 3.64 
15' 7 . 3 0  5 .39  4 . 5 9  4 . 4 2  3 .75  
30' 8.02 5 .89  5 .00  4 . 8 2  4.06 
45O 9.44 6 .83  5 .74  5 . 5 1  4 . 5 9  
5 90% 11.34 8 .05  6 .66  6.37 5.45 
*Limiting ang le  f o r  165 knots  t o  remain w i t h i n  t h e  5 nm maneuver area 
us ing  t h e  r e l a t i o n s h i p :  
(R - r t a n  @ / 2 ) t a n  8 - r(sec 8 - 1) _< R (3  32)  
By observa t ion ,  t h i s  conf igu ra t ion  provides  a maximum of  1.81 minutes 
(t: 55 seconds) €or  a r r i v a l  e r r o r  c o r r e c t i o n  a t  165 knots ,  t h e  h ighes t  
a n t i c i p a t e d  approach speed. Grea ter  e r r o r  c o r r e c t i o n ,  t h e r e f o r e ,  a r e  
poss ib l e  a t  slower approach s p e e d s .  
Conf igura t ion  B 
This  conf igu ra t ion  (Figure 3 . 3 4 )  i s  a p p l i c a b l e  when t h e  angle  





Figure 3.34: Configuration B 
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Figure 3.33: Configuration A 
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path from PE t o  IAF. Two mathematical  expressions are appropr ia te :  
1. 
D = 2x + r 8,  + (3 0 34) .-. q(~ - x - r t a n  (4/4)L2(1 - cos 8 - 2 r t a n  @/4)  
where (8 = 90'. The express ion  reduces t o  
D = 1.414 + 0 . 5 8 6 ~  + Oe1556<r 
This  express ion  i s  a p p l i c a b l e  t o  f l i g h t  paths  w i t h i n  t h e  shaded area 
(Figure 3.34) where t h e  parameter X,  t h e  d i s t a n c e  flown p r i o r  t o  t h e  
i n i t i a l  t u r n ,  i s  v a r i e d  t o  provide t h e  requi red  e r r o r  co r rec t ion .  This  
parameter v a r i e s  from zero  t o  R - r .  
For longer  f l i g h t  pa ths  t h e  i n i t i a l  t u r n  i s  made away from t h e  
U P  wi th  ang le  of t u r n  s p e c i f i e d  us ing  
2. 
D = 2 r  8, -t- Rsec Q + Rtan Q 
- 2rtan((90°+ Q)/2)  + r 
t h e  fol lowing 
- 2 r s i n  Q / 2  
d 2  + R 
where ang le  8 is  l imi t ed  t o  the  express ion  
expression:  
(3 0 35) 
(3 36) 
Minimum and maximum f l i g h t  t imes (minutes). f o r  t h i s  maneuver con- 
f i g u r a t i o n  a re  l i s t e d  below: 
Table 3.10 Maximum and minimum f l i g h t  t i m e s  f o r  
conf i g u r a t i o n  B 
Explcession 1 Expression 2 
Airspeed (knots) 85 115 135 140 165 85 115 135 140 165 
Minimum 5.18 3.87 3.32 3.21 2.75 6 .79  4.95 4.17 4.01 3.36 
Maximum 6.79 4.95 4.17 4 .01  3.36 10.49 7.35 6.02 5.75 4.64 
-1.62 
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It should be noted t h a t  t h e  maxiqum f l i g h t  t i m e s  by express ion  1 
are equal  t o  t h e  minimum f l i g h t  t i m e s  by express ion  2.  Er ror  c o r r e c t i o n  
v a r i e s  from 5.31 minutes (+ - 160 seconds) a t  85 knots  t o  1.89 minutes 
(2 56 seconds) a t  165 knots .  
Conf igura t ion  C ~- 
When t h e  ang le  between t h e  EP and IAF i s  l e s s  than  90°, maneuver 
conf igu ra t ion  C (Figure 3.35) i s  used. The d i s t a n c e ,  X,  between t h e  
f i r s t  and second t u r n s  is  va r i ed  t o  acheive t h e  dens i red  e r r o r  c o r r e c t i o n  
us ing  t h e  fol lowing expression:  
D = 2R + x r + B r  - 2 r  c sc  8 - r t a n  8 /2  + 2X 
The parameter X may be ve r i ed  from 0 t o  R - r .  A t a b l e  of minimum and 
maximum f l i g h t  t i m e  va lues  (minutes) i s  depic ted  f o r  t y p i c a l  approach 
speeds and a 0 va lue  of SOQ. 
TABLE 3 .11  MAXIMUM AND MINIMUM 
FLIGHT TIMES FOR CONFIGURATION C 
A i r s p e e d  (knots) 85 115 135 140 165 
~- ~ 
M inimum 6,68 4.84 4.06 3.91 3,25 
Maximum 12,46 8.79 7.23 6.93 5.61 
Er ro r  c o r r e c t i o n s  of 5.78 minutes (4- - 173 seconds) a t  85 knots  t o  2.36 
minutes (5 7 1  seconds) at. 165 knots  mily, t h e r e f o r e  be obtained us ing  
t h i s  maneuver conf igu ra t ion .  
Conf igura t ion  D 
The f i n a l  conf igu ra t ion  (Figure 3,36) i s  used when t h e  ang le  between 
t h e  EP and t h e  IAF is  g r e a t e r  than  90° but  less than  180°. 
D = 2 ((R - r t a n  @/2)cos 8 + (R - r t a n  @/2)s in  8 c t n  $3/2 
The express ion  
- r t a n  8/2 - r c f n  QI/2) + 2 r  8 + r(180° p $3 ) (3.37) 
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Figure 3.35: Configuration C 
EP 
Figure 3.36: Configuration D 
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L 
r e l a t e s  t h e  f l i g h t  path d i s t a n c e  t o  t h e  angle  'of  t u r n  Q. This angle  
i s  l imi t ed  by t h e  express ion  
((R - r t a n  Q / 2 ) s i n  Q - r)csc @ / 2  + r 5 R (3 .38 )  
which des igna te s  f l i g h t  paths  i n  t h e  maneuver area. Typical  f l i g h t  
t imes (minutes) us ing  t h i s  conf igu ra t ion  wi th  0 = 150 are  shown i n  
Table 3 . 1 2 ,  
0 
TABLE 3 . 1 2  IL3AXIMLJM AND MINIMUM FLIGHT TIMES FOR CONFIGURATION D 
Airspeed (knots) 85 115 135 140  165 
Minimum 7 . 0 5  5 . 2 1  4.44 4 . 2 8  3 , 6 3  
Maximum l l , 4 2  8.46 7 . 3 1  7 . 0 1  6.42 
Mult ip le  Runway A i r p o r t s  
Addi t iona l  runways i n  the  a i r p o r t  l ayout  a l t e r  the  F i n a l  Approach 
System, bu t  do not apprec iab ly  e f f e c t  t he  te rmina l  a i r  t r a f f i c  c o n t r o l  
a i r s p a c e  conf igu ra t ion  o r  sequencing log ic .  The speed segregated 
approach path arrangemeit  used f o r  one runway is  immediately adaptab le  
t o  the  f i n a l  approach system adopted f o r  t h e  four  runway a i r p o r t .  The 
only s i g n i f i c a n t  change i s  t h e  a d d i t i o n  of  another  high speed approach 
course .  F igure  3.37 d e p i c t s  such an  airspace s t r u c t u r e  wi th  the  high 
speed approaches feeding  t h e  o u t e r  runways. The landing sequence can 
be optimized on t h e  o u t e r  runways. The landing sequence can be optimized 
on t h e  o u t e r  runways which have mul t ip l e  g a t e s ,  bu t  a i r c r a f t  on t h e  inne r  
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Figure 3.37: Multiple Runway Airport Airspace Configuration 
I 
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p resen t  day fash ion .  This change i n  procedure should not reduce 
e f f i c i e n c y  o r  s a f e t y  because t h e  a i r c r a f t  a re  speed segregated and should 
be a b l e  t o  land wi th  t h e  minimum a l lowable  t i m e  s epa ra t ion .  1 7  
Mul t ip l e  A i r p o r t s  
Two o r  more a i r p o r t s  i n  c l o s e  proximity i n  t h e  t e rmina l  area 
g r e a t l y  reduce t h e  a i r s p a c e  a v a i l a b l e  f o r  speed segrega ted  approach 
pa ths .  No gene ra l  pa th  conf igu ra t ion  can be s p e c i f i e d  because t h e  b e s t  
path s t r u c t u r e  depends on t h e  p a r t i c u l a r  a i r p o r t  arrangement. However, 
as  more of  t h e  s i d e - e n t e r i n g  low and medium speed approaches must be 
e l imina ted ,  t he  c l o s e r  t h e  pa th  s t r u c t u r e  approaches t h e  c u r r e n t  technology 
s t r a i g h t - i n  ILS approach course .  
F igure  3 . 3 8  i s  a model of t h e  New York C i t y  area approach pa th  
s t r u c t u r e  assuming a d d i t i o n a l  runways a t  JPK, Lagurdia,  and Newark 
a i r p o r t s .  The f i g u r e  shows how cramped t h e  a i r s p a c e  can become. 
Summary 
The t e rmina l  area a i r  t r a f f i c  c o n t r o l  system t h a t  has  been presented 
e x t r a p o l a t e s  t h e  p re sen t  day i d e a s  o f  computer a ided  f i n a l  approach 
sequencing and airspace r e s e r v a t i o n s  t o  an e n t i r e l y  computer-managed 
system of c l o s e  schedul ing  and opt imal  sequencing. 
t o  maximize a i r p o r t  l anding  c a p a c i t y  and minimize i n f l i g h t  de lays  t o  
a i r c r a f t .  Capacity inc reases  a r e  t h e  r e s u l t  o f  reduced t i m e  s e p a r a t i o n  
between a r r i v a l s  made p o s s i b l e  by optimal sequencing, c l o s e  schedul ing ,  
and t h e  abandonment o f  t h e  t h r e e  m i l e  d i s t a n c e  s e p a r a t i o n  c r i te r ia  i n  
favor  of a minimum c o l l i s i o n  avoidance s e p a r a t i o n .  I m p l i c i t  i n  t h e  
sys tem's  close schedul ing  c a p a b i l i t y  i s  t h e  more a c c u r a t e  d e l i v e r y  of 
The 2ystem i s  designed 
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Figure 3.38: 
Proposed New York City Airspace Structure to Accomodata Additional Runways 
a t  JFK,  Newark, and LaGuardia 
a i r c r a f t  t o  t h e i r  f i n a l  approach f i x e s  insured by t h e  support  hardware 
f o r e c a s t  f o r  t h e  nexk. t h r e e  decades. I n f l i g h t  de lays  a r e  reduced i n  
t h r e e  ways. F i r s t ,  a i r c r a f t  f l y  on descen t /dece le ra t ion  p r o f i l e s  which 
a r e  t a i l o r e d  t o  t h e  a i r c r a f t ' s  performance and a l low it  t o  f l y  as 
f a s t  t o  t h e  a i r p o r t  as i t s  schedule  permi ts ,  Secondly, t h e  approach 
pa ths  are l a i d  o u t  t o  be d i r e c t  t o  t h e  a i r p o r t  as poss ib l e ,  which reduces 
f l y i n g  t i m e ,  And t h i r d l y ,  optimum sequencing of a r r i v a l s  i n su res  minimum 
delay t o  a l l  a i r c r a f t ,  
3 e 6 CONCLUSIONS 




3 .  
4 .  
5. 
6.  
A i r  c o l l i s i o n  avoidance i n  a f u t u r e  te rmina l  a r e a  may be 
accomplished through automated system management and improved 
a i r  t r a f f i c  c o n t r o l  procedures ,  C o l l i s i o n  alarm and maneuver 
recommendation systems r e v e r t  i n t o  a backup r o l e  f o r  p o s i t i v e l y  
c o n t r o l l e d  a i r c r a f t ,  
The runway conf igu ra t ion  which provides  t h e  g r e a t e s t  capac i ty  
f o r  f u t u r e  a i r p o r t  systems is  p a r a l l e l  arrangements o f  dua l  
runways 0 
An approach system employing t h e  microwave IES,  curved 
pakhs and a l t i t u d e  s e p a r a t i o n  a p p e a r  t o  be t h e  most 
d e s i r a b l e  f o r  accommodating a n t i c i p a t e d  a i r  t r a f f i c  up t o  
t h e  year  2000, 
Cont ro l led  a i r c r a f t  i n  a f u t u r e  te rmina l  area must be 
equipped wi th  a f l i g h t  d i r e c t o r  f o r  four  dimensional 
vec to r ing  i n  a d d i t i o n  t o  present  IPR equipment r equ i r e -  
ments 
With t h e  MILS l a t e r a l  s epa ra t ions  may be modified t o  
a .  Less than  one-half  m i l e  i n  f l i g h t  
b. 2508 f e e t  between p a r a l l e l  runways 
Minimum s e p a r a t i o n  d i s t a n c e s  may be maintained along MILS 
f l i g h t  paths  f o r  a i r c r a f t  landing a t  a r a t e  of  90 g i r c r a f t  
pe r  hour 
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7 .  The t r i l a t e r a t i o n  system i s  most d e s i r a b l e  f o r  handl ing 
a i r c r a f t  i n  a h igh  d e n s i t y  te rmina l  area as a primary 
system wi th  t h e  phased a r r a y  r ada r  used as a system backup. 
8. The proposed te rmina l  area system i s  capable  of  d e l i v e r i n g  
a i r c r a f t  a t  a r a t e  of 90 a i r c r a f t  per  hour per  runway wi th  a 
- +5 second d e l i v e r y  accuracy. 
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CHAPTER I V  
TERMINAL AREA SIMULATION 
4 1 INTRODUCTION 
I n  accordance wi th  t h e  systems approach t o  t h e  te rmina l  a r e a  s tudy,  
a f a s t - t ime  computer model w a s  developed. The s imula t ion  provided an  
e f f e c t i v e  means of s tudying  t h e  present-day te rmina l  a r e a ,  This model 
should prove a use fu l  t o o l  f o r  examining evolu t ionary  and revolu t ionary  
changes i n  terminal a r e a  hardware and procedures.  
The model w a s  designed t o  be genera l  enough t o  s imula te  t h e  
te rmina l  area ope ra t ions  of  any a i r p o r t ,  r ega rd le s s  of  s i z e ,  l o c a t i o n ,  
o r  geometric c o n s t r a i n t s .  This primary c o n s t r a i n t  requi red  t h a t  t h e  
model possess  a number of c a p a b i l i t i e s  and c h a r a c t e r i s t i c s ,  
would have t o  be: 
The model 
1. 
2 ,  
3 .  
4 ,  
5 ,  
6 ,  
F l e x i b l e  enough t o  sgmulate mul t ip l e  runways, s e v e r a l  
approaches t o  each runway’, and a hold ing  queue f o r  each 
approach 
Capable of genera t ing  random a r r i v a l s  wi th  i n t e r - a r r i v a l  
t i m e s  based on an  expected number of a r r i v a l s  by ca tegory  
per  hour 
Capable of s tudying  a l l  types of a i r c r a f t  wi th  t h e i r  
i nd iv idua l  approach and landing c h a r a c t e r i s t i c s ,  
Capable of  inc luding  e f f e c t s  of equipment improvements, 
wind and weather changes, and p i l o t  and c o n t r o l l e r  e r r o r s ,  
F l e x i b l e  enough t o  s imula te  a i r c r a f t  c h a r a c t e r i s t i c s ,  
demand l e v e l s ,  and te rmina l  area procedures of t h e  
present  as w e l l  as those  proposed f o r  t h e  year  2000. 
Capable of s imula t ing  both t h e  i n t e r a c t i o n  between two 
o r  more runways a t  one a i r p o r t  and t h e  i n t e r a c t i o n  
between s e v e r a l  a i r p o r t s  i n  one met ropol i tan  area. 
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.Indeed, such a model represented  a n  i n t e r e s t i n g  and d i f f i c u l t  
cha l lenge .  Contained i n  t h e  body of t h i s  chapter  i s  a d e s c r i p t i o n  of  
t h e  model, This  d e s c r i p t i o n  inc ludes  t h e  fol lowing sec t ions :  
1. 
2. 
3 .  
4 .  
5, 
Model development, The genera l  philosophy and i n i t i a l  
assumptions used wi th  t h e  model are presented .  
A b r i e f  d e s c r i p t i o n  of t h e  programming methods. The 
GASP s imula t ion  language i s  d iscussed ,  A l s o  the  con ten t s  
of t h e  non-GASP subrout ines  are explained and t h e i r  
f l e x i b i l i t i e s  are  i l l u s t r a t e d .  Plow c h a r t s  a r e  included 
t o  provide t h e  reader  wi th  t h e  d e t a i l  necessary f o r  
fol lowing t h e  program l o g i c .  
Desc r ip t ion  and t a b u l a t i o n  of model input  d a t a .  The 
format of t h e  necessary input  da t a  i s  presented f o r  
r eade r s  wishing t o  use t h e  model f o r  t h e i r  own s tudy .  
Resu l t s  and conclus ions ,  Experiments performed us ing  
t h e  va r ious  model op t ions  a r e  summarized and t h e  
output  i s  analyzed,  
Poss ib l e  ex tens ions  of t h e  model, The model's 
v e r s a t i l i t y  i s  demonstrated i n  t h e  d i scuss ion  of  
some f e a s i b l e  ex tens ions  
4.2 DEVELBPmNT OF THE MODEL 
I n  o rde r  t o  inc lude  t h e  f l e x i b i l i t i e s  and c a p a b i l i t i e s  l i s t e d  i n  
t h e  in t roduc t ion ,  t h e  model w a s  n e c e s s a r i l y  genera l  and a b s t r a c t  r a t h e r  
than  a more d e t a i l e d  point-by-point  s imula t ion .  A genera l  s imula t ion  
language, GASP, w a s  employed f o r  t h e  s tudy .  GASP, which works on a 
d i s c r e t e  events  philosophy, i s  descr ibed  i n  Sec t ion  4 , 3 .  By us ing  t h e  
d i s c r e t e  events  r a t i o n a l e  r a t h e r  than  a s p a t i a l  approach, t h e  events  
became a b s t r a c t  and e a s i l y  moved w i t h i n  t h e  system. 
permit ted t h e  e f f e c t  o f  c r i t i c a l  parameters and ind iv idua l  c h a r a c t e r i s t i c s  
of t h e  sys tem's  performance t o  be separa ted  and s tud ied ,  
This  technique 
Research i n t o  va r ious  r e fe rences  (given a t  t h e  end of t h e  chapter )  
uncovered some previous s imula t ions  of t h e  te rmina l  area,  These earlier 
models f e l l  i n t o  two ca t egor i e s :  
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1. Real-t ime s imula t ions .  
2 .  Deta i led  f a s t - t ime  s imula t ions .  
This work provided a background of ideas  bu t  w a s  not  u l t i m a t e l y  adopted 
f o r  t h i s  p r o j e c t .  The f i r s t  type  of model w a s  e l imina ted  s i n c e  both 
t h e  equipment and t i m e  requi red  t o  work i n  t h i s  area were not  a v a i l a b l e .  
The second approach w a s  a l s o  e l imina ted  s i n c e  it w a s  f e l t  t h a t  t h e  
necessary g e n e r a l i t y  and f l e x i b i l i t y  were lacking .  
Severa l  assumptions were made before  proceeding with the  model: 
1. Landings only would be considered.  According t o  c u r r e n t  
a i r  t r a f f i c  c o n t r o l  procedures,  t akeoff  p r i o r i t y  i s  
secondary t o  landing p r i o r i t y .  
2. A i r c r a f t  would be divided i n t o  t h e  c a t e g o r i e s  a s  presented 
i n  Chapter 2. Each c l a s s i f i c a t i o n  r ep resen t s  a i r c r a f t  
wi th  s i m i l a r  performance and landing c h a r a c t e r i s t i c s ,  
Present  a i r c r a f t  and those  pred ic ted  f o r  t h e  year  2000 
would be eva lua ted .  
3 .  A r r i v a l s  would be random wi th  a Poisson d i s t r i b u t i o n ,  
A d i f f e r e n t  a r r i v a l  ra te ,  based on c u r r e n t  and pro- 
j e c t e d  d a t a  f o r  t h e  At l an ta  te rmina l ,  w a s  ass igned 
f o r  each of t e n  hours p e r  day (from 8 am t o  6 pm) ; 
(see Sec t ion  4.4) .  The At l an ta  te rmina l  a r r i v a l  da t a  
w a s  chosen s i n c e  it was r e a d i l y  a v a i l a b l e .  
4 .  The model would have t h e  c a p a b i l i t y  of cons ider ing  a 
maximum of two runways, each with t h r e e  approach c o r r i d o r s .  
There would be a n  assigned holding o r  queueing area f o r  
each approach, The queues would c o n s t i t u t e  t he  a r r i v a l  
po in t s  i n t o  t h e  system and a i r c r a f t  would be segregated 
by performance c a t e g o r i e s  among t h e  queues. 
l o c a t i o n ,  i n  t i m e  t o  touchdown, would r e f l e c t  optimum 
a i r c r a f t  performance cons ide ra t ions .  A s  an  example, 
t h e  queue f o r  j e t  a i r c r a f t  would be loca ted  f u r t h e r  from 
touchdown and a t  a h igher  a l t i t u d e  than  t h e  queue assigned 
t o  genera l  l i g h t  a i r c r a f t .  
The queue 
5, The model would assume no i n t e r a c t i o n  between a i r p o r t s  
(see Sec t ion  4.6)  
6. A l l  a i r c r a f t  i n  t he  te rmina l  area would be under p o s i t i v e  
c o n t r o l ,  t hus  a s su r ing  c o r r e c t i o n  s e p a r a t i o n  between a i r -  
c r a f t  a t  a l l  t i m e s .  By t h i s  assumption, t h e  p o s s i b i l i t y  
of  mid-air  c o l l i s i o n s  was n o t  considered and a c o l l i s i o n  
1 7 5  
7. 
avoidance system was proposed as a backup only.  The 
p r e c i s i o n  of t h e  p o s i t i v e  c o n t r o l  assumed w a s  represent -  
a t i v e  of t h e  yea r  2000. However, because t h e  model 
d e a l t  i n  d i s c r e t e  events  r a t h e r  than  i n  s p a t i a l  movement, 
t h i s  assumption w a s  necessary t o  a l low one a i r c r a f t  t o  
p a s s  another  on t h e  approach i n  t h e  terminal area. 
Enroute a i r  t r a f f i c  c o n t r o l  would not  be considered 
i n  t h e  model. It w a s  assumed t h a t  enroute  vec to r ing  ' 
assured  t h a t  t h e  a i r c r a f t  would a r r i v e  a t  t h e  c o r r e c t  
queue. I n  t h e  case  t h a t  t h e  a i r c r a f t  must be he ld  i n  
a queue, c o r r e c t  a r r i v a l  a l t i t u d e  was a l s o  assumed. 
I n t e r - a r r i v a l  t i m e s  may be l e s s  than  those  which would 
a c t u a l l y  occur  i n  real  ope ra t ions .  This  r e f l e c t s  t h e  
e f f e c t  o f  t h e  a b s t r a c t  queues.  
Using t h e  previous assumptions,  t h e  model development progressed 
i n  t h r e e  phases.  Successive phases added more d e t a i l s  and more adequately 
represented t h e  t r u e  te rmina l  system. Table 4 .1  i n d i c a t e s  t h e  workload 
and f a c t o r s  considered f o r  each phase,  
The model included t h r e e  nodes through which a l l  a i r c r a f t  must 
t r a v e l :  
1. The queueing area,  an  a b s t r a c t  holding po in t  f o r  each 
approach, pos i t ioned  only by a i r c r a f t  f l i g h t  t i m e  t o  t h e  
runway. 
2 .  The merge po in t ,  t h e  f i r s t  po in t  on t h e  f i n a l  g l i d e  path 
common t o  a l l  approaches.  This  po in t  i s  loca ted  a t  
approximately t h e  middle marker. 
3.  The touchdown po in t ,  a poin t  over t h e  runway where an  
a i r c r a f t  i s  committed t o  land.  
The queueing areas r ep resen t  t h e  f i r s t  d e c i s i o n  po in t  encountered 
by a n  a i r c r a f t  a r r i v i n g  i n t o  t h e  te rmina l  area system. I f  t h e  a i r c r a f t  
w a s  r e s t r i c t e d  from advancing d i r e c t l y  t o  touchdown by one of t he  
approach sequencing l o g i c s ,  then it w a s  placed i n  a queue and he ld .  
This po in t  w a s  an  a b s t r a c t i o n  i n  t h a t  it d id  not  r ep resen t  a n  a c t u a l  
phys ica l  l o c a t i o n ,  I n  today ' s  a i r  t r a f f i c  c o n t r o l  procedures t h e  queue 
would be r e p r e s e n t a t i v e  of a hold ing  s t ack .  For f u t u r e  systems wi th  
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t i g h t e r  schedul ing t h e  queue could be loca ted  a t  t h e  o r i g i n  a i r p o r t  i f  
des  i r ed  
A t  t h e  l o g i c a l l y  designated t i m e  f o r  a n  a i r c r a f t  t o  leave  a queue, 
a time e r r o r  w a s  generated and added t o  t h e  scheduled t i m e  of t h e  next  
depart-queue event  (See Sec t ion  4 . 3 ,  Subroutine DEPQUE). This  e r r o r  
was used t o  s imula te  t h e  time d i f f e r e n c e  i n  scheduled and a c t u a l  depa r t -  
queue events .  Such e r r o r  a rose  i f ,  f o r  example, a t  t h e  time of  t h e  
scheduled event ,  t h e  a i r c r a f t ' s  p o s i t i o n  w a s  not  r e a d i l y  a c c e s s i b l e  f o r  
leav ing  t h e  queue. For t h e  depa r t ing  a i r c r a f t  t h e  f u t u r e  merge and 
touchdown times were ca l cu la t ed  and s to red .  This  information w a s  used 
f o r  sequencing of f u t u r e  a r r i v a l s  i n  the  approach and f o r  schedul ing 
the  merge event occurrences.  
The c r i t i c a l  node w a s  merge, s i n c e  a i r c r a f t  on a l l  approaches 
t o  a runway had t o  be sequenced and spaced c o r r e c t l y  a t  t h i s  po in t .  
The spacing a t  t h i s  node a l s o  had t o  account f o r  proper s e p a r a t i o n  a t  
touchdown as w e l l  as runway r o l l o u t  de lays .  
The e f f e c t s  of e r r o r s  in t h e  system such a s  a i r c r a f t  l o c a t i o n  
e r r o r ,  v e l o c i t y  and dece1era.tion p r o f i l e  e r r o r s ,  wind and weather d i s -  
t r a c t i o n s ,  and p i l o t  and c o n t r o l l e r  e r r o r s  were consol ida ted  i n t o  one 
randomly-generated e r r o r  and added t o  a n  a i r c r a f t s  scheduled merge 
event., Where necessary,  t he  approach a i r c r a f t  and the  success ive  a i r -  
c r a f t  were delayed i n  f l i g h t  t o  a s s u r e  proper s epa ra t ion .  This  e r r o r  
f a c t o r  was d i f f i c u l t  t o  p r e d i c t .  Greater  accuracy would n e c e s s i t a t e  
measurement of a c t u a l  te rmina l  ope ra t ions ,  
The touchdown po in t  i s  t h e  f i n a l  node. The model developed d id  no t  
a c t u a l l y  fol low a plane pas t  merge i n t o  touchdown. Since no pass ing  w a s  
t o l e r a t e d  p a s t  t h e  merge po in t ,  t h e  a i r c r a f t  w a s  assured  a s a f e  landing 
a t  t h e  des igna ted  touchdown t i m e .  
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TABLE 4 . 1  PHASES OF MODEL DEVELOPMENT 
Phase I Phase I1 Phase I11 
Single  A i r p o r t  
S ingle  Runways 
Two Approaches 
Two Queues 
Present  A i r c r a f t  
Categor ies  
S t a t i s t i c s  
Landings Only 
System E r r o r s  
FIFO Sequencing 
( f i r s t - i n - f i r s t - o u t )  
S ingle  A i r p o r t  
Two Independent 
Runways 
Mul t ip le  Approaches 
Three Queues 
Present  Aircraf t  
Categor ies  
Improved S t a t i s t i c s  
Wave-o f f s 
System E r r o r s  
Three Sequencing 
Logics 
P r i o r i t y  Entrances 





P r e s e n t  System Present  System 
Three m i l e  spacing Closer  Spacing 
Mul t ip le  A i r p o r t s  
Runway I n t e r a c t i o n  
Mul t ip le  Approaches 
Mul t ip le  Queues 
Future  A i r c r a f t  
Categor ies  
Improved S t a t i s t i c s  
Wave-of f s  
System E r r o r s  
Three Sequencing 
Logics 
P r i o r i t y  Entrances 






The p b s s i b i l i t y  o f  a waveoff w a s  included i n  t h e  model. Based on a 
f ixed  p r o b a b i l i t y  (0.01), t h e  p o s s i b i l i t y  o f  a waveoff was randomly 
a l l o t t e d  t o  a n  a i r c r a f t  on f i n a l  approach. Details  o f  system e r r o r s  
and waveoffs a re  explained i n  Sec t ion  4 . 3 ,  subrout ine  MERGE. 
F igure  4 .1  i s  a d e s c r i p t i v e  flow c h a r t  o f  t h e  s imula t ion  program. 
This f i g u r e  maps a n  a i r c r a f t ' s  advancement from ent rance  t o  landing.  
A summary inc luding  flow c h a r t s  o f  t h e  r e s p e c t i v e  subrout ines  fol lows 
i n  S e c t i o n  4 . 3 .  
4 . 3  PROGRAM DESCRIPTION 
This  s e c t i o n  provides  a more comprehensive examination o f  t h e  
computer program model o f  t h e  te rmina l  area. The philosophy o f  employing 
t h e  genera l  s imula t ion  language, GASP, f o r  t h i s  qodel  i s  b r i e f l y  presented.  
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WAVEOFF FOR NE 
HIGHER PRIORITIES' 
A computer l i s t i n g  of t h e  GASP subrout ines  i s  provided i n  Appendix G; 
however, no a t tempt  i s  made of desc r ib ing  the  interworkings of t h e s e  
subrout ines .  For t h i s  information,  t h e  reader  i s  r e f e r r e d  t o  P r i t a k e r ,  
A .  Alan B . ,  "Simulation With GASP 11," as l i s t e d  i n  t h e  bibl iography.  
Also included i n  t h i s  s e c t i o n  i s  a summary and func t iona l  a n a l y s i s  
of t h e  non-GASP subrout ines .  The r e spec t ive  comments and flow c h a r t s  
should prove use fu l  t o  t h e  reader  wishing t o  use  t h e  model o r  t o  per -  
form s i m i l a r  s imula t ions  i n  o t h e r  areas. To f u r t h e r  assist  t h e  r eade r ,  
a l i s t  of t h e  non-WSP v a r i a b l e s  used i n  t h e  program is  provided i n  
Appeadix E .  The non-GASP subrout ines  a re  l i s t e d  i n  Appendix F, 
Main Program 
The MAIN s imula t ion  program reads t h e  non-GASP d a t a  and i n i t i a l i z e s  
%he non-GASP v a r i a b l e s .  The non-GASP d a t a  as w e l l  as t h e  va r ious  codes 
and l o g i c s  a v a i l a b l e  wi th  t h e  program provide t h e  f l e x i b i l i t y  necessary 
t o  make t h e  model a n  e f f e c t i v e  working tool.,  MAIN a l s o  c a l l s  GASP t o  
perform t h e  execut ive  and even-se lec t ion  func t ions  f o r  t h e  s i rnulat ion,  
Figure 4,2  shows t h e  flow c h a r t  €or  MAIN. 
under t h e  name WWWW i n  Appendix F, 
The main program is  l i s t e d  
GASP Desc r ip t ion  
The GASP s imula t ion  language was u t i l i z e d  i n  t h i s  s tudy t o  provide 
a conceptual  and an  ope ra t iona l  framework i n  which t o  develop t h e  
s imula t ion  model of a i r - t e r m i n a l  ope ra t ions .  GASP provides  an  e f f i c i e n t  
means of a t t a c k i n g  l a r g e  scale system s imula t ion  and employs a philosophy 
q u i t e  adaptab le  t o  an  a i r  te rmina l  ope ra t ion  model. 
GASP i s  e s s e n t i a l l y  a set  of FORTRAN subrout ines  which may be 
manipulated t o  e f f e c t  many types of s imula t ions .  The bas i c  philosophy 
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Figure 4.2: Main Progrem 
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employed i s  t h e  d i sc re t e -even t s  philosophy. An event  i s  def ined  as a n  
occurrence which changes t h e  s t a t e  of t h e  system. To perform a simula- 
t i o n ,  only events  must be processed. The system t o  be simulated must 
be decomposed i n t o  t h e  p e r t i n e n t  events  which may occur ,  and a separate 
non-GASP subrout ine  must be developed t o  process  each event .  GASP 
a c t s  as t h e  execut ive  c o n t r o l l e r  of  t h e  s imula t ion ,  cod lec t  des i r ed  
s t a t i s t i c s ,  genera tes  output  r e p o r t s ,  and provides e f f i c i e n t ,  dynamic 
s to rage  of ope ra t ing  v a r i a b l e s  i n  an  a r r a y  c a l l e d  NSET. 
Various i tems can be segregated i n  f i l e s  which a re  s to red  dynamically 
wi th in  t h e  NSET a r r a y .  F i l e  one t r i g g e r s  t he  va r ious  events  which may 
occur i n  t h e  system. This  s tudy used f i l e s  t h r e e  and four  t o  s t o r e  
va r ious  c h a r a c t e r i s t i c s  (termed a t t r i b u t e s )  of a i r c r a f t  on approach 
to simulated runways one and two, r e spec t ive ly .  F i l e s  f i v e  fhrough 
t e n  were used t o  s t o r e  a t t r i b u t e s  of a i r c r a f t  i n  ho ld ing  queues f i v e  
through t e n .  F i l e  two was not used. 
The coding schemes used f o r  va r ious  events  and f i l e s  are  given 
i n  Table 4.2 .  A t t r i b u t e s ,  o r  c h a r a c t e r i s t i c s ,  of e n t r i e s  s to red  i n  
the  va r ious  f i l e s  a r e  de l inea ted  i n  Table 4 . 3 .  
Non-GASP Subrout ines  
One of  t h e  s p e c i f i c  func t iona l  c a p a b i l i t i e s  suppl ied  by GASP is  
event  c o n t r o l .  Four events  were i d e n t i f i e d  i n  t h e  model: a i r c r a f t  
a r r i v a l  i n t o  the  te rmina l  system, depar ture  from a queue, a r r i v a l  a t  
t h e  merge po in t ,  and end of day, The changes i n  t h e  s t a t e  of t h e  system 
due t o  an event  occurrence were programed i n t o  t h e  r e spec t ive  non-GASP 
subrout ines:  ARRVL, DEPQUE, MERGE and EVNTS. 
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TABLE 4.2 CODING SCHEMES USED I N  GASP 
Event Codes F i l e  Numbers Des c r i p t ion  Codes 
2 A r r i v a l s  t o  approach 5 
(Codes 1-4 not used 7 
6 









A/C i n  quep €or 
approach 
(Codes 1-4 not used 













Depart queue, check 









Merge a t  runway 1 
2 
~~ ~ ~ ~ 
13 End of day event  
3 A/C between queue 
4 and merge poin t  
1 Event f i l e  
2 Not used 
+ I Q  i s  used as a code desc r ib ing  queue number f o r  an  A/G 
f I G  i s . u s e d  as  a code desc r ib ing  merge poin t  f o r  an  A/C 
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TABLE 4 .3  GASP FILE STRUCTURE 
PILE 1--Events F i l e  
Ranking i n  f i l e :  lowest t i m e ,  ATRIB (l), f i r s t  
ATRIB (1) (ATRIB (2) 
(Time of  (Event code) 
occur enc e) 
2 A r r i v a l  t o  system (queue poin t )  
3 Merge a t  runway 1 







Check and depa r t  from queue 5+ 
13 End of  day event  
FILE 2--.Not used 
FILE 3, 4 - - A / C  on f l i g h t  path from queue t o  merge po in t  a t  runway 1, 2 ,  
Ranking i n  f i l e :  l a s t  merge t ime, ATRIB (3 ) ,  f i r s t  
ATRIB (1) ATRIB (2) ATRIB (3) ATRIB (4) AmIB (5) ATRIB (6) ATRIB (7) 
T i m e  of A/Cc A r r i v a l  A r r i v a l  Delay on Approach Cumula t ive  
a r r iva l  ca tegory  t i m e  a t  t i m e  a t  f l i g h t  path codedelay on 
i n t o  (1-7) merge touchdown path (5-10) f l i g h t  path 
poin t  po in t  on ly  and Bn hold- 
ing  s t a c k  
FILES 5-l0--Queues o r  hold ing  s t a c k s  (6 poss ib l e )  
Ranking i n  f i l e :  e a r l i e s t  a r r i v a l  t i m e ,  ATRIB (l), f i r s t  
ATRIB (2) ATRIB (3) ATRIB (4) ATRIB (5) ATRIB (6) ATRIB (7) ATRIB (1) 
T i m e  of A/C Durat ion Durat ion Future  Queue Not 
a r r i v a l  ca tegory  t o  merge t o  touch-time number used 
i n t o  (1-7) po in t  down when A / C  code 
system poin t  w i l l  be  (5-10) 
ready t o  
1 eave 
queue 
-t Queues and approaches 5,  6 ,  and 7 feed runway 1 
Queues and approached 8, 9, 10 feed runway 2 
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Subrout ine EVNTS 
The end of day event  i s  performed by subrout ine  EVNTS. The 
even t - se l ec t ion  c o n t r o l  i s  a l s o  provided by t h i s  subrout ine .  A t  each 
scheduled event  t i m e  s to red  i n  t h e  ven t  f i l e ,  GASP ca l l s  subrout ine  EVNTS 
which then  d i r e c t s  t h e  s imula t ion  t o  the  r e s p e c t i v e  non-GASP subrout ines  
based on t h e  code IX.  The code I X  i s  s to red  as ATRIB (2) i n  t h e  event  
f i l e  and passed t o  subrout ine  EVNTS as a n  argument. F igure  4 . 3  shows a 
flow c h a r t  of subrout ine  EVNTS. 
Subrout ine EVNTS is  c a l l e d  a t  t h e  end o f  each s imulated day t o  
a l low a l l  a i r c r a f t  i n  t h e  system t o  land and t o  r e j e c t  a l l  new a r r i v a l s .  
A t  t h e  end of  each s imula t ion  run,  t h e  non-GASP v a r i a b l e s  and random 
numbers a r e  i n i t i a l i z e d  t o  begin t h e  next run,  A t  t h i s  t i m e  subrout ine  
EVNTS t r i g g e r s  t h e  output  r e p o r t s  on t h e  s ta t i s t ics  c o l l e c t e d  by GASP. 
Before t h e  next  run, t h e  l o g i c  code op t ions  are  s p e c i f i e d ,  
Subrout ine ARRVL 
Whenever a scheduled event  occurs  wi th  an  a r r i v a l  code, subrout ine  
ARRVL i s  c a l l e d  by EVNTS. This  subrout ine  employs a n  exponent ia l  
d i s t r i b u t i o n  t o  gene ra t e  the  next  a r r i v a l  t i m e .  The d i s t r i b u t i o n  i s  a 
func t ion  of  t h e  hour of day. The next  a r r i v a l  t i m e  i s  then  s to red  i n  
t h e  event  f i l e ,  A random number from a random rec t angu la r  d i s t r i b u t i o n  
is  used i n  a Monte Car lo  technique t o  a s s i g n  a ca tegory  t o  a new 
a r r i v a l .  This  technique uses  a cumulative p r o b a b i l i t y  d i s t r i b u t i o n  
generated from t h e  number of a r r i v a l s  by ca tegory  per  hour of day, 
t h e  b a s i s  o f  t h e  a i r c r a f t ' s  ca tegory ,  t h e  queuing area and approach 
c o r r i d o r  a re  then  ass igned  and i n i t i a l  a r r i v a l  s ta t i s t ics  are  c o l l e c t e d ,  
On 
The d i f f e r e n c e  between t h e  one and two runway s imula t ions  l i e s  i n  t h e  
queue assignment made f o r  Categor ies  I and 11. The approach c o r r i d o r  
i s  governed by the  queue de lega t ion .  
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Figure 4.3 : Subroutfne EVNTS 
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I f  a previous a r r i v a l  i s  a l r e a d y  hold ing  i n  t h e  chosen queue, t h e  
c u r r e n t  a r r i v a l  i s  placed a t  t h e  top  of t h a t  queue. I f  no previous 
a i r c r a f t  i s  holding,  subrout ine  DEPQUE is  c a l l e d  t o  determine when t h e  
a r r i v a l  can  leave  t h e  queue. For t h e  more soph i s t i ca t ed  p r i o r i t y  
en t rance  l o g i c ,  subrout ine  ARRVL c a l l s  DEPQUE t o  determine t h e  a r r i v a l ' s  
e x i t  queue t i m e .  F igure  4 . 4  shows a flow c h a r t  of subrout ine  ARRVL. 
Subrout ine DEPQUE 
Subrout ine DEPQUE (see Figure  4.5 f o r  flow c h a r t )  i s  c a l l e d  t o  
determine i f  an  a r r i v i n g  a i r c r a f t  o r  an a i r c r a f t  i n  queue can be 
allowed t o  proceed toward merge and touchdown. It i s  c a l l e d  from EVNTS 
subrout ine  whenever a depart-queue-check event  i s  t o  occur o r  from the  
ARRV'L subrout ine  whenever an  a i r c r a f t  e n t e r s  t h e  system and t h e  designated 
queue i s  empty. Subrout ine DEPQUE performs t h e  func t ion  of p lac ing  t h e  
a i r c r a f t  i n  %he proper approach f i l e  i f  it i s  allowed t o  leave  t h e  queue 
o r  ho ld ing  t h e  a i r k r a f t  f o r  t h e  necessary t i m e  i f  i t  i s  not  allowed t o  
proceed 
The DEPQUE subrout ine  s e l e c t s  which a i r c r a f t  i s  t o  be checked f o r  
r e l e a s e ,  An a i r c r a f t  may be s e l e c t e d  because i t  h a s  j u s t  a r r i v e d  i n t o  
t h e  system, because it i s  the  next  i n  l i n e  t o  leave  t h e  queue, o r  
because it has t h e  h ighes t  p r i o r i t y  based on accrued de lay  and a i r c r a f t  
ca tegory .  It i s  t h e  u s e r ' s  op t ion  t o  choose t h e  a lgor i thm he r e r f e r s ,  
and t h i s  i s  accomplished by s e t t i n g  t h e  input  v a r i a b l e  p r i o r i t y  LFEAG, 
equal  t o  zero  o r  one ( f o r  p r i o r i t y  r e l e a s e  LEFAG equals  o n e ) ,  The 
sequencing of t h i s  a i r c r a f t  i s  then  inves t iga t ed .  I f  t h e  l a s t  a i r c r a f t  
from t h e  queue i n  ques t ion  i s  no t  f a r  from t h e  queue ( i n  f l i g h t  t ime) ,  
t h e  a i r c r a f t  t o  be sequenced i s  he ld .  I f  t h e  las t  a i r c r a f t  i s  t h e  
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m 
requi red  t i m e  away from t h i s  queue, the APPRCH subrout ine  i s  c a l l e d  t o  
determine i f  t h e  a i r c r a f t  i n  ques t ion  may proceed (see s e c t i o n  on sub- 
rou t ine  APPRCH). I f  a c o n f l i c t  occurs  a t  a f u t u r e  node, t h e  a i r c r a f t  
i s  he ld  i n  t h e  queue. I f  it can proceed, t h e  a i r c r a f t  i s  removed from 
t h e  queue and placed i n  t h e  approach f i l e .  Whenever a n  a i r c r a f t  i s  he ld  
o r  r e l eased ,  t h e  next  depa r t ing  event  check t i m e  i s  generated and s to red  
i n  t h e  event  f i l e  s o  as t o  provide f o r  t h e  next  e n t r y  i n t o  t h e  subrout ine  
DEPQUE , 
The p r i o r i t y  s e l e c t i o n  rou t ine  f o r  determining which a i r c r a f t  should 
be r e l eased  from t h e  hold ing  a r e a s  i s  based upon t h e  ca l cu la t ed  p r i o r i t y  
of each a i r c r a f t .  This  r o u t i n e  i s  chosen i f  t h e  inpu t  LFTAG i s  set  
equal  t o  u n i t y ,  The a i r c r a f t  p r i o r i t y  i s  t h e  sum of t h e  accrued de lay  
of  each a i r c r a f t ,  t h e  a i r c r a f t - t y p e  ca tegory ,  and t h e  number of a i r c r a f t  
i n  t h e  p a r t i c u l a r  queue i n  ques t ion .  Each of t hese  t h r e e  va lues  i s  
mul t ip l i ed  by an  input  cons t an t  (XKZ, XK2, XK3) which may be va r i ed  by 
t h e  use r  t o  a f f e c t  d i f f e r e n t  p r i o r i t y  schemes. P r i o r i t i e s  f o r  a l l  
a i r c r a f t  i n  queue as w e l l  as t h e  a r r i v i n g  a i r c r a f t  a r e  computed by 
DEPQUE. The p r i o r i t y  of a newly a r r i v e d  a i r c r a f t  i s  determined by i t s  
a i r c r a f t - t y p e  ca tegory  mul t ip l i ed  by a fou r th  input  m u l t i p l i e r  (XK4), 
t h e  va lue  of which i s  a l s o  chosen by t h e  user .  It i s  these  p r i o r i t y  
va lues  which are compared t o  determining which a i r c r a f t  w i l l  be allowed 
t o  leave  t h e  queues next .  Through t h e  use  of  t h e  fou r  m u l t i p l i e r s  
(XK1, XK2, XK3, XK4), t h e  use r  can  t h e r e f o r e  vary  t h e  r e l a t i v e  weight ing 
given t o  a i r c r a f t  de lay  and d i f f e r e n t  a i r c r a f t  ca t egor i e s .  
I n  t h e  real-world s i t u a t i o n ,  t h e  a i r c r a f t  i n  t h e  queues are  not  
exac t ly  i n  t h e  proper p o s i t i o n  t o  leave  when t h e  c o n t r o l l e r  clears them 
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from t h e  hold ing  a r e a .  This  e f f e c t  i s  s imulated i n  DEPQUE by gene ra t ing  
two random e r r o r s  (ERRLV and ERRHD) which are added t o  t h e  present  
simulated t i m e  (TNQW) t o  genera te  t h e  next depart-queue check event .  
For example, i f  t h e  a i r c r a f t  p r e s e n t l y  being inves t iga t ed  by DEPQUE is  
r e l eased ,  t h e  depart-check event  f o r  t h e  next  p o t e n t i a l  a i r c r a f t  t o  
leave  would be a t  TNOW p lus  ERRLV. However, i f  t h e  present  a i r c r a f t  
cannot be sequenced i n t o  approach and is  he ld ,  t h e  next depart-queue 
check event  f o r  t h a t  a i r c r a f t  would be TNOW p lus  ERRHD p lus  t h e  expected 
a d d i t i o n a l  holding t i m e  (HOLDTM). The ERRLV va lues  a r e  drawn from a 
d i s t r i b u t i o n  with a l a r g e r  mean than  t h a t  of ERRHD. 
t i m e  f o r  o t h e r  a i r c r a f t  i n  t h e  queue t o  descent  t o  a lower a l t i t u d e  
This  w i l l  provide 
a f t e r  an a i r c r a f t  d e p a r t s  from t h a t  queue, 
Subrout ine APPRCH 
Subrout ine APPRCH i s  c a l l e d  from subrout ines  MERGE and DEPQUE. 
The func t ion  performed by APPRCH is  t o  proper ly  sequence a i r c r a f t  
enroute  t o  t h e  merge po in t .  This  sequencing i s  accomplished a t  t h r e e  
l e v e l s  of  s o p h i s t i c a t i o n  depending on the  LOGIC code. APPRCH i s  
c a l l e d  from MERGE i n  t h e  case of a waveoff. The waveoff a i r c r a f t  
c i rc les  and wai t s  t o  be resequenced t o  the  merge node. APPRCH is 
c a l l e d  from DEPQUE when a depart-queue-check t akes  p lace .  F igure  4.6 
shows a flow c h a r t  f o r  subrout ine  APPRCH. 
LOGIC Levels f o r  Subrout ine APPRCH 
There a r e  t h r e e  l e v e l s  of l o g i c  a v a i l a b l e  t o  t h e  model u s e r .  The 
d i f f e r e n c e  between t h e  l o g i c  l e v e l s  r ep resen t s  t h e  amount of a i r c r a f t  
handl ing and i n t e r a c t i o n  allowed a f t e r  l eav ing  t h e  hold ing  area. F igures  
4.7 a ,  b and c show t h e  flow c h a r t i n g  for t h e  r e spec t ive  l o g i c  codes.  
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FIJX 
DELAY APPROACH A/C WHEN3 
NECESSARY 
Figure  4.6: Subroutine APPRCH 
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TEST1 = MERGE TIME (M. T. ) FOR ARRIVAL A/C 
TEST2 = TOUCHDOWN TIME (T.D. T. ) FOR ARRIVAL A/C 
DUMl = M.T. 
DUM2 = T:D:T. 
DUM3 == T. D. T .  
+ SEPERATION TIME FOR LAST A/C I N  APPROACH 
I- SEPERATION TIME FOR LAST A/C I N  AFTBOAC 
-I- ROLLOUT TIME FOR LAST A/C I N  APPROACH 
LOGIC = 2 o r  3 
Figure 4 . 7 ~ :  Logic code 1 
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Figure 4.7b: Logic code 2 
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CALCULATE TOTAL DELAY OF A/C ON APPROACH TO F I T  D IN SEARCH FILE 
UNTIL DELAY O F  AN A/C = D OR F I R S T  A/C I N  FILE I S  REACHED 
CALCULATE FLIGHT DELA 
Figure 4,7c: Logic code 3 
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Logic code 1, which i s  t h e  f i r s t  and s imples t  l o g i c  l e v e l ,  i s  
f i r s t - i n - f i r s t - o u t  (FIFO) sequencing, This  l o g i c  p e r m i t s  an  a i r c r a f t  
t o  proceed only  i f  i t  can s a f e l y  fo l low t h e  a i r c r a f t  which w i l l  a r r i v e  
a t  t h e  merge node l a s t .  That i s ,  no a i r c r a f t  can p a s s  another  i n  the  
e n t i r e  system rega rd le s s  of  t h e  queue from which it en te red ,  
Logic code 2 ,  t h e  next  l e v e l  of s o p h i s t i c a t i o n ,  a l lows f a s t e r  
a i r c r a f t  t o  pass slower a i r c r a f t  a l r eady  i n  t h e  approach phase. This  
accounts f o r  t h e  d i f f e r e n c e s  i n  queue-to-merge t i m e s  f o r  t h e  d i f f e r e n t  
c a t e g o r i e s  and hold ing  queue l o c a t i o n s .  This a lgor i thm searches  t h e  
approach f i l e  f o r  any a i r c r a f t  which t h e  a i r c r a f t  i n  ques t ion  can pass 
before  i t s  t e n t a t i v e  merge t i m e .  I f  t h e  dec i s ion  a i r c r a f t  i s  unable 
t o  pass  anyone, t h e  program checks t o  see  i f  i t  can  f i t  behind t h e  
f i n a l  a i r c r a f t  i n  t h e  approach f i l e .  I f  it can p a s s  slower a i r c r a f t ,  
t he  a lgor i thm checks f o r  proper s e p a r a t i o n  a t  merge, touchdown and 
runway r o l l o u t  between t h e  a i r c r a f t  i n  ques t ion  and t h e  l a s t  poss ib l e  
a i r c r a f t  i t  can pass .  I f  t h e  minimum sepa ra t ion  c o n s t r a i n t  (chosen 
by t h e  model user)  i s  s a t i s f i e d ,  then  s e p a r a t i o n  behind t h e  f i r s t  a i r -  
c r a f t  which t h e  d e c i s i o n  a i r c r a f t  cannot pass i s  checked. I f  s epa ra t ion  
can aga in  be assured ,  t h e  a i r c r a f t  i s  allowed t o  proceed on i t s  determined 
f l i g h t  path.  If i n t e r f e r e n c e  is  de tec t ed  on e i t h e r  of  t h e  checks and 
sepa ra t ion  cannot be guaranteed,  t h e  d e c i s i o n  a i r c r a f t  i s  he ld  i n  queue 
f o r  a c a l c u l a t e d  hold t i m e  (BOLDTM). 
Logic code 3 ,  t h e  h ighes t  l e v e l ,  uses  a mipimum f l i g h t  path f o r  
t he  d e c i s i o n  a i r c r a f t .  It then c a l l s  l o g i c  code 2 t o  determine i f  any 
i n t e r f e r e n c e  w i l l  occur  wi th  a i r c r a f t  passed on approach, However, t he  
a i r c r a f t  whose sequence i s  i n  ques t ion  can a r r i v e  a t  merge before  
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another  a l r e a d y  on approach, b u t  s epa ra t ion  i s  less t h a t  t h e  minimum 
s p e c i f i e d ,  i t  i s  permit ted t o  leave  queue i f  i t  f u l f i l l s  t h e  e s t a b l i s h e d  
c r i t e r i o n .  The c r i t e r i o n  used f o r  l o g i c  code 3 is  t h a t  t h e  f l i g h t  de lay  
which a l l  a i r c r a f t  on approach need encounter t o  be passed with proper 
s e p a r a t i o n  a t  merge be less than  t h e  holding de lay  incur red  by t h e  a i r -  
c r a f t  i n  ques t ion .  I f  t h e  c r i t e r i o n  i s  not  s a t i s f i e d ,  a hold t ime is  
ca l cu la t ed  and t h e  l o g i c  a t tempts  t o  sequence t h e  plane i n t o  t h e  system 
a t  a 2 a t e r  po in t  i n  t i m e ,  I f  t h e  ca l cu la t ed  hold t i m e  i s  grea ted  than  
t h e  ca t egory ' s  speed range, t h e  dec i s ion  a i r c r a f t  i s  held i n  queue f o r  
t h e  designated t i m e .  Logic 3 r ep resen t s  t h e  g r e a t e s t  work load on t h e  
c o n t r o l l e r  and p i l o t .  
Subrout ine MERGE 
When an  a i r c r a f t  reaches t h e  merge p o i n t ,  subrout ine  MERGE ss cal led.  
I f  another  a i r c r a f t  i s  i n  f l i g h t  ( t h i s  corresponds t o  a d d i t i o n a l  e n t r i e s  
i n  t h e  approach f i l e  a f t e r  removal of t h e  merging a i r c r a f t )  a random 
t i m e  adjustment  i s  generated and added t o  t h e  next  scheduled merge, 
This  random adjustment i s  used t o  r ep resen t  equipment, weather e f f e c t ,  
e o n t r o l l e r ,  p i l o t ,  and v e l o c i t y  p r o f i l e  e r r o r  encountered on approach. 
Whenever t h e  next merge i s  delayed, proper s e p a r a t i o n  f o r  a l l  a i r c r a f t  
i n  t h e  approach f i l e  i s  checked and adjustments  made a s  necessary.  The 
random merge e r r o r  i s  a func t ion  of a i r c r a f t  ca tegory .  This  r e f l e c t s  
t h e  d i f f e r e n c e s  i n  f l i g h t  geometries and performance c h a r a c t e r i s t i e s  
of t h e  d i f f e r e n t  a i r c r a f t  types 
This subrout ine  a l s o  cons iders  t he  p o s s i b i l i t y  of a waveoff. I n  
t h e  case  of  a waveoff, t h e  next  merging a i r c r a f t  i s  removed from t h e  
approach f i l e  and a t i m e ,  which i s  a l s o  a func t ion  of  a i r c r a f t  ca tegory ,  
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i s  added t o  ATRIB (3) and ATRIB (4) t o  s imula te  c i r c l i n g .  Subrout ine 
APPRCH i s  then  c a l l e d  t o  determine proper resequencing. The waveoff 
a i r c r a f t  i s  then  r e loca ted  i n  t h e  approach f i l e  t o  account f o r  t h e  
change i n  i t s  scheduled merge event .  The de lay  encountered i n  t h e  wave- 
o f f  queue r ep resen t s  a penal ty  t h e  a i r c r a f t  must pay f o r  missed approach, 
Since no passing is  allowed beyond t h e  merge po in t ,  t h e  merging 
a i r c r a f t  i s  removed from t h e  s imula t ion  and i t s  f i n a l  s t a t i s t i c s  a re  
c o l l e c t e d  a t  t h i s  t ime. Before r e tu rn ing  c o n t r o l  t o  GASP, t h e  MERGE 
subrout ine  genera tes  t h e  next  merge event  based on t h e  a t t r i b u t e s  
f o r  MERGE. s to red  i n  t h e  approach 
4 , 4  MODEL INPUT DATA 
Model input  d a t a  
f i l e .  F igure  4 .8  shows a flow c h a r t  
ncluded p e r t i n e n t  a i r c r a f t  c h a r a c t e r  s t ics ,  
a r r i v a l  ra te  s t a t i s t i c a l  parameters and system e r r o r  s t a t i s t i c a l  
parameters. This  i npu t  was grouped according t o  a i r c r a f t  performance 
c a t e g o r i e s ,  For 1970 da ta  (Table 4 .4a) ,  t h e  a i r c r a f t  were separa ted  
i n t o  seven c a t e g o r i e s  and f o r  2000 d a t a  (Table 4 .4b) ,  t h e  pro jec ted  
a i r  t r a f f i c  mix w a s  segregated i n t o  s i x  ca t egor i e s .  For a complete 
d e s c r i p t i o n  of t h e  present  and f u t u r e  a i r c r a f t  c a t e g o r i e s ,  see Chapter 
11. The input  used i n  t h e  model i s  l i s t e d  as follows: 
1. A r r i v a l  rates f o r  each a i r c s a f t  ca tegory .  
2 .  T i m e s  requi red  t o  f l y  t h e  a i r c r a f t  s e p a r a t i o n  d i s t ances .  
3 .  T i m e s  requi red  t o  f l y  t h e  approach pa ths .  
4 .  T i m e s  t o  c lear  t h e  runway a f t e r  touchdown. 
5. E r ro r  d i s t r i b u t i o n s .  
198 
i 
CALCuLA?IE HOUR O F  DAY - 
C0I;I;ECT STATISTICS: 
-COMMUNICATIONS 
-A/C FLIGHT PATH DELAY 
-A/C TOTAL SYSTEM DELAY 
-A/C TOTAL TIME IN SYSTEM 
-TOTAL TOUCHDOWNS BY HOUR OF DAY 
- INTER-TOUCHDOWN TIMES 
F igure  4.8: Subrout ine MERGE 
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TABLE 4.4a AIRCRAFT PERFORMANCE DATA, 1970 
AIRCRAFT TRAN- T I I E  TO FLY APPROACH TIME TO FLY FINAL TIME TO FLY RUNWAY 
CATEGORY S I S T I O N  X-MILES (MIN.) SPEED .X-MILES (MIN.) SPEED X-MILES (MIN.) ROLLOUT 
SPEED X=1.5 X=3.0 (KTS.) X=1.5 X=3.0 (KTS.) X=1.5 X=3.0 TIME (MIN.) 
1 140 0.56 1.12 95 0.83 1.65 80 0.98 1.95 0.50 
N 0 2 150 0.52 1.04 120 0.65 1.31 105 0.75 1.49 0.45 
3 15 6 0.50 1.00 135 0.58 1.16 115 0.68 1.36 0.50 
0 
4 135 0.45 0.89 150 0.52 1.04 130 0.60 1.20 0.4% 
5 200 0.39 0.78 170 0.46 0.92 150 0.52 1.04 0.57 
6 205 0.38 0.76 180 0.44 0.87 155 0.50 1.01 0.61 
7 2 15 0.36 0.73 185 0.43 0.85 165 0.48 0.95 0.66 
TABLE 4.4b PROJECTED AIRCRAFT PERFORMANCE DATA, 2000 
AIRCRAFT T U N -  TIME TO FLY APPROACB TIME TO PLY FINAL TIME TO FLY RUNWAY 
CATEGORY S I S T I O N  X-MILES (MIN,  ) SPEED X-MILES (MIN. ) SPEED X-MILES (MIU, ) ROLLOUT 
SPEED X=1.5 X=3.0 (KTS.) X=1.5 X=3.0 (RTS.)  Xz1.5 X=3.0 TIME (MIN.)  
1 105 0.87 1.74 0.85 1.06 2.12 75 1.22 2.44 0.45 




3 165 0.55 1.10 135 0.67 1.33 117 0,77 1.54 0.50 
4 170 0,53 1.06 140 0.64 1.28 121 0.74 1.b8 0.61 
5 165 0.55 1.10 135 0.67 1.33 117 0.77 1.54 0.50 
6 201 0.45 0,90 165 0.55 1,lO 143 0.63 1.36 0.66 
A r r i v a l  Rates  
A r r i v a l  r a t e s  p e r  hour f o r  each a i r c r a f t  ca tegory  f o r  10 hours  
p e r  day were requi red  t o  genera te  a r e a l i s t i c  random number of a i r c r a f t  
en t e r ing  t h e  system. The present  hour ly  a r r iva l  rates were generated 
us ing  a v a i l a b l e  d a t a  from t h e  A t l a n t a  area. This  d a t a  was a l s o  extended 
t o  o b t a i n  approximate a r r i v a l  r a t e s  f o r  t he  f u t u r e .  The program d iv ides  
t h e  t o t a l  number of hour ly  a r r i v a l s  i n t o  a r r i v a l s  i n  t h a t  hour f o r  each 
category.  These average a r r i v a l  rates a r e  given i n  Table 4.5a (1970) 
and 4,5b (2000) ,  and s to red  i n  t h e  a r r a y  RATE. 
Times t o  F ly  the  A i r c r a f t  Separa t ion  Distances 
Separa t ion  t imes were needed t o  main ta in  t h e  spacing requi red  
between each a i r c r a f t  i n  t h e  system. These t i m e s  were checked when 
each a i r c r a f t  a r r i v e d  a t  t h e  t h r e e  nodes i n  t h e  model. I f  a i r c r a f t  
maintained t h e  requi red  s e p a r a t i o n  a t  t hese  t h r e e  nodes, t h e  model 
assumed c o r r e c t  s e p a r a t i o n  along t h e  e n t i r e  approach path.  The nodes 
a r e  descr ibed  i n  Sec t ion  4 . 2 .  
Separa t ion  t i m e s  a t  t he  r e s p e c t i v e  nodes were ca l cu la t ed  f o r  both 
3 and 1.5 n a u t i c a l  mi le  s epa ra t ion .  An i n t e r n a l l y  generated a r r a y ,  
DTLVQ, w a s  used t o  a s s u r e  proper s epa ra t ion  a t  t h e  queue. DTLVQ 
s to red  t h e  f i r s t  a v a i l a b l e  t i m e  f o r  an  a i r c r a f t  t o  leave t h e  r e spec t ive  
queues. This  t i m e  w a s  c a l c u l a t e d  i n  t h e  las t  depart-queue event  by 
s t o r i n g  t h e  t i m e  requi red  f o r  t h e  l a s t  a i r c r a f t  l eav ing  t h a t  queue t o  
f l y  the  designated sepa ra t ion .  The sepa ra t ion  t i m e s  a t  queue f o r  
t h e  d i f f e r e n t  c a t e g o r i e s ,  shown i n  Table 4.6,  were s to red  i n  row 8 of 
a s to rage  a r r a y  c a l l e d  PLANE having dimension 20 x 7 .  The seven 
columns correspond t o  t h e  a i r c r a f t  c a t e g o r i e s ,  whi le  t h e  rows a r e  used 
f o r  t he  d i f f e r e n t  parameters.  
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FIGURE 4.5a: ARRIVALS/HOUR, 1970 
SEQUENCE HOUR 1 2 3 4 5 6 7  8 9 10 
8:Oo 9 : O O  1O:OO 1 1 : O O  12:OO 1 : O O  2:OO 3.00 4:OO 5:OO 
HOUR OF DAY 9:00 1O:OO 1 1 : O O  12:OO 1:OO 2:OO 3:OO 4:OO 5:OO 6:OO 
~ 
Category 1 5 7 3 6 2 1 2 3 4 7  
Category 2 0 0  0 0 0 0 0  0 0 0  
Category 3 1 1 1 1 0 1 1 1 1 1 
Category 4 8 15 12 10 2 8 11 8 7 15 
Category 5 1 7  32 24 22 S 17 24 18 14 32 
Category 6 0 0  0 0 0 0 0  0 0 0  
Category 7 0 0  0 0 0 0 0  0 0 0  
FIGURE 4.5b: ARRIVALS/HOUR, 2000 
SEQUENCE HOUR 1 2 3 4 5 6 7  8 9 10 
8:OO 9 : 0 0  1 O : O O  11:OO 12:OO 1:OO 2:OO 3:OO 4.00 5:OO 
HOUR OF DAY 9:00 1O:OO 1 1 : O O  12:OO 1 : O O  2:OO 3:OO 4:OO 5:OO 6:OO 
Category 1 33 33 33 33 28 28 28 28 33 33 
Category 2 13 17 8 15 5 5 5 7 10 17 
Category 3 17 16 16 16 14 11 14 14 16 16 
Category 4 8 3 3 3 3 3 3  3 3 3 
Category 5 16 12 12 12 11 10 10 11 12 12 
Category 6 3 3  3 3 3 2 2  3 3 3  
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TABLE 4 . 6  TIMES TO FLY SEPARATION AT QUEUE* 
CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY 
1 2 3 4 5 6 7 
1970 DATA 
3 N.M. 1 .12  1). 04 1.00 0 . 8 9  0 . 7 8  0 .76  0 .73  
SEP a 
1 . 5  N.M. 0.56 0.52 0.50 0.45 0 .39  0.38 0 .36  
SEP. 
2000 DATA 
3 N.M. 1 , 7 4  1.28 1.10 1 . 0 6  1.10 0 . 9 0  --- 
SEP e 
1.5 N.M. 0.87 0.64 0.55 0.53 0.55 0.45 --- 
SEP 
~ ~~ 
* ALL TIMES ARE I N  MINUTES 
For t h e  remaining two nodes, s epa ra t ion  t imes were based on one 
a i r c r a f t  fol lowing t h e  previous a i r c r a f t  a t  t h e  r e spec t ive  nodes. Tables 
4.7a and c g ive  1970 s e p a r a t i o n  t i m e  da ta  and Tables 4.7b and d g ive  
2000 s e p a r a t i o n  t i m e  da t a .  This information i s  s to red  by ca tegory  i n  
rows 1 - 7 and 1 2  - 18 of  t h e  PLANE a r r a y  f o r  t h e  touchdown and merge 
nodes, r e spec t ive ly .  The seven rows used f o r  each node a l low da ta  t o  
correspond t o  a i r c r a f t  ca tegory  of t he  lead ing  and fol lowing a i r c r a f t  
i n  case  t h e  use r  wished t o  ppovide d i f f e r e n t  s e p a r a t i o n  d i s t ances  i n  each 
case  
Times t o  F l y  t h e  Approach Paths  
T i m e s  f o r  each a i r c r a f t  t o  f l y  from node t o  node along t h e  approach 
path were obtained us ing  v e l o c i t y  and d e c e l e r a t i o n  p r o f i l e s  (see Tables 
4.4a and 4.4b) .  The t i m e s  f o r  each a i r c r a f t  ca tegory  t o  f l y  from t h e  
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TABLE 4.7a SEPARATION TIMES FOR AIRCRAFT AT MERGE, 1970* \ 
3 NAUTICAL MILES SEPARATION 
CAT.l CAT.:! CAT.3 CAT.4 CAT.5 CAT.6 CAT.7 
CAT, 1 1.65  1.65 1.65 1.65 1 .65  ' 1.65 1.65 
CAT. 2 1.31 1.31 1.31 1.31 1.31 1.31 1.31 
CAT. 3 1.16 1.16 1.16 1.16 1.16 1.16 1.16 
CAT. 4 1 .04 1.04 1.04 1 ,04  1.04 1.04 1.04 
CAT. 5 0.92 0.92 0.92 0.92 0.92 0.92 0.92 
CAT. 6 0.87 0.87 0.87 0.87 0.87 0.87 0.87 
CAT. 7 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
1.5 NAUTICAL MILES SEPARATION 
PLAN 
C A T . 1  CAT.2 CAT.3 CAT.4 CAT.5 CAT.6 CAT.7 
- ~ ~~ -- ~ ~ 
CAT. 1 0.82 0.82 0.82 0.82 0.82 0.82 0.82 
CAT 2 0.66 0.66 0.66 0.66 0.66 0.66 0.66 
CAT 3 0.58 0.58 0.58 0.58 0.58 0.58 0.58 
CAT e 4 0.52 0.52 0.52 0.52 0.52 0.52 0.52 
CAT. 5 0.46 0.46 0.46 0.46 0.46 0.46 0.46 
CAT. 6 0.44 0.44 0.44 0.44 0.44 0.44 0.44 
CAT. 7 0.43 0.43 0.43 0.43 0.43 0.43 0.43 
;kALL TIMES ARE I N  MINUTES 
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TABLE 4.7b SEPARATION TIMES FOR AIRCRAFT AT MERGE, 2000* 
PLANE PLANE 3 NAUTICAL MILES SEPARATION 
BEHIND \ AHEAD 
CAT.l CAT.2 CAT.3 CAT.4 CAT.5 CAT.6 
CAT. 1 2.12 2.12 2.12 2.12 2.12 2.12 
CAT. 2 1.56 1.56 1.56 1.56 1.56 1.56 
CAT 3 1.33 1.33 1.33 1.33 1.33 1.33 
CAT, 4 1.28 1.28 1.28 1.28 1.28 1.28 
CAT * 5 1.33 1.33 1.33 1.33 1.33 1.33 
CAT 6 1.10 1.10 1.10 1.10 1.10 1.10 
1.5 NAUTICAL MILES SEPARATION 
CAT.1 CAT.2 CAT,3 CAT.4 CAT.5 CAT.6 -- ~~~~ - 
CAT. 1 1.06 1.06 1.06 1.06 1.06 1.06 
CAT. 2 0.78 0.78 0.78 0'. 78 0.78 0.78 
CAT, 3 0.67 0.67 0.67 0.67 0.67 0.67 
CAT 4 0.64 0.64 0.64 0.64 0.64 0.64 
CAT. 5 0.67 0.67 0.67 0.67 0.67 0.67 
CAT 6 0.55 0.55 0.55 0.55 0.55 0.55 
*ALL TIMES ARE IN MINUTES 
206 
TABLE 4 . 7 ~  SEPARATION TIMES FOR AIRCRAFT AT TOUCHDOWN, 1970* 
3 NAUTICAL MILES SEPARATION 
CAT. l  CAT.2 CAT.3 CAT.4 CAT.5 CAT.6 CAT.7 _- ~ ~~ 
CAT. 1 1.95 1.95 1.95 1.95 1.95 1.95 1 .95  
CAT. 2 1.49 1.49 1.49 1.49 1 , 4 9  1.49 1.49 
CAT e 3 1 . 3 6  1.36 1.36 1.36 1 ,36  1.36 1.36 
CAT. 4 1.20 1.20 1.20 1.20 1.20 1.20 1.20 
CAT. 5 1.04 1.04 1.04 1.04 1.04 1.04 1.04 
CAT 6 1 .01  1.01 1.01 1.01 1.01 1.01 1.01 
CAT. 7 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
1 . 5  NAUTICAL MILES SEPARATION 








0.98 0.98 0.98 0.98 0.98 0.98 0.98 
0.75 0.75 0.75 0.75 0.75 0.75 0.75 
0.68 0.68 0.68 0.68 0.68 0.68 0.68 
0.60 0.60 0.60 0.60 0.60 0.60 0.60 
0.52 0.52 0.52 0.52 0.52 0.52 0.52 
0.50 0.50 0.50 0.50 0.50 0.50 0.50 
0.48 0.48 0.48 0.48 0.48 0.48 0.48 
*ALL TIMES ARE I N  MINUTES 
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TABLE 4.7d SEPARATION TIMES FOR AIRCRAFT AT TOUCHDOWN, 2000* 
3 NAUTICAL MIZES SEPARATION 
CAT.l CAT.2 CAT.3 CAT.4 CAT.5 CAT.6 
CAT e 1 2.44 2.44 2.44 2.44 2.44 2.44 
CAT. 2 1.80 1.80 1.80 1.80 1.80 1-80  
CAT. 3 1.54 1.54 1.54 1.54 1.54 1.54 
CAT .4 1.48 1.48 1.48 1.48 1.48 1.48 
CAT 5 1.54 1.54 1.54 1 .64 1.54 1.54 
CAT. 6 1.26 1.26 1.26 1.26 1.26 1.26 
1.5 NAUTICAL MILES SEPARATION 
CAT.1 CAT.2 CAT,3 CAT.4 CAT.5 CAT.6 
CAT. 1 1.22 1.22 1.22 1.22 1.22 1.22 
CAT ., 2 0.90 0.90 0.90 0.90 0.90 0.90 
CAT, 3 0.77 0.77 0.77 0.77 0.77 0,77 
CAT 4 0.74 0.74 0.74 0.74 0.74 0.74 
CAT. 5 0.77 0.77 0.77 0.77 0.77 0.77 
CAT. 6 0.63 0.63 0.63 0.63 0.63 0.63 
JCALL TIMES ARE IN MINUTES 
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queue t o  t h e  merge po in t  i s  s to red  i n  t h e  PLANE a r r a y ,  row 9, whi le  t h e  
t i m e  t o  f l y  from t h e  rperge poin t  t o  touchdown poin t  i s  s to red  i n  row 10 
of t h e  PLANE a r r a y .  
T i m e s  t o  Clear t h e  Runway A f t e r  Touchdown 
The r o l l o u t  t i m e  requi red  f o r  Pn a i r c r a f t  t o  leave  t h e  runway a f t e r  
touchdown i s  given i n  t h e  l a s t  column of  Tables 4.4a and b.  These t i m e s  
were s to red  i n  row 11 o f  t h e  PLANE a r r a y  wi th  t h e  columns corresponding 
t o  a i r c r a f t  category.  
Waveoffs, o r  missed approaches,  which occur wi th  a p r o b a b i l i t y  of 
1%, were a l s o  generated when a a i r c r a f t  reached a merge node. The t i m e s  
requi red  f o r  a n  a i r c r a f t  t o  c i r c l e  and be i n  p o s i t i o n  f o r  resequencing 
a f t e r  a wave-off a re  given i n  Table 4.8. 
i s  s to red  by category i n  row 19  of t h e  PLANE a r r a y .  
This  information i n  t h e  program 
TABLE 4.8 WAVE OFF GO-ROUND TIMES 
CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY 
1 2 3 4 5 6 7 
TIME 3.70 3.30 11.70 10.50 9.20 8.80 8.50 
(MIND ) 
Conf igura t ion  one (accompanying'Table 4.9) of t h e  model represented 
a Rresent day s i n g l e  runway system. This conf igu ra t ion  was used f o r  
determining the  t i m e s  between nodes f o r  t he  a i r c r a f t  ca t egor i e s .  The 
conf igu ra t ion  cons i s t ed  of t h r e e  queues ( f o r  Je t  A i r c r a f t  (Cat V - V I I ) ,  
Large P r o p e l l e r  and Small Je t  A i r c r a f t  (Cat I11 and I V ) ,  General 
Avia t ion  and VFR A i r c r a f t  (Cat I and 11)); a merge node where all. 
t r a f f i c  j o i n  on a common f i n a l  apprach path;  and a touchdown node , .2  
209 
TABLE 4 , 9  FLIGHT TIMES FOR STNGLE RUNWAY GEOMETRY, 1970* 
CATEGORY T M I N  TMN TMD TDMIN TDN TN 
1 2-40 1 . 5 0  -- 3.90 -- 
2 _-  2.30 1.14 -c 3.44 _-  
3 9.68 10.73 1.04 1 1 . 2 1  10.17 5.34 
4 8 .69  9.12 0.92 - 9 . 6 1  10.04 4.80 
5 18.14 18.53 0.80 18.94 19.33 4.22 
*ALL TIMES ARE I N  MINUTES 
T CAT. 3-4 
L- TOUCHDOWN 
SINGLE RUNWAY GEOMETRY 
TMIN = MINIMUM TIME TO FLY FROM QUEUE TO MERGE 
TNM = STANDARD TIME TO FLY FROM QUEUE TO MERGE * 
TMD = TIME TO FLY FROM MERGE TO TOUCHDOWN 
TDN 
TDMIN = MINIMUM TIME TO FLY FROM QUEUE TO TOUCHDOWN 
TN = STANDARD TIME TO FLY FROMA TO 2 
= STANDARD TIME TO FLY' FROM QUEUE TO TOUCHDOWN 
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n a u t i c a l  m i l e s  from t h e  merge node. A i r c r a f t  could be routed a long  a 
minimum, nominal, o r  maximum approach path t o  e l imina te  t i m e  e r r o r s  o r  
t o  a l low passing on t h e  approach. 
Conf igura t ion  two (accompanying Table 4.10) - -  of  the  model considered 
independent dual  runways us ing  present  and f u t u r e  a i r  t r a f f i c  a r r i v a l  
rktes. The conf igu ra t ion  is s i m i l a r  t o  conf igu ra t ion  one f o r  Category 
111 - V I 1  a i r c r a f t .  Category I and I1 a i r c r a f t  a r e  routed t o  a second 
runway independent of Category 111.- V I 1  a i r c r a f t  approach pa ths ,  
Er ror  D i s t r i b u t i o n s  
When an  a i r c r a f t  a r r i v e s  a t  t h e  merge po in t  a random system e r r o r  
t i m e  i s  generated f o r  t h e  next a i r c r a f t  t o  a r r i v e  a t  merge. This 
e r r o r  r ep resen t s  t h e  p i l o t ,  c o n t r o l l e r ,  and t r ack ing  e r r o r  on d e l i v e r y  
a t  t h e  merge po in t .  These e r r o r  t i m e s  a r e  drawn from s t a t i s t i c a l  
d i s t r i b u t i o n s  f o r  which t h e  mean, minimum va lue ,  maximum value ,  and 
s tandard d e v i a t i o n  must be input  and loaded i n t o  t h e  P A W  a r r a y ,  
rows 1 - 7 .  Table 4.11 l i s t s  t h e  va lues  used f o r  the:marge-time 
e r r o r s  f o r  t h e  seven a i r c r a f t  c a t e g o r i e s  f o r  year  1970 da ta .  For 
t h e  purpose of  t h e  tes t  cases  run,  t hese  t i m e s  were somewhat a r b i t r a r y .  
Another system e r r o r  time was included t o  r ep resen t  t h e  e f f e c t  
of non-optimum a i r c r a f t  p o s i t i o n  wi th in  the  hold ing  p a t t e r n  a t  t h e  
t i m e  of release from t h e  queue. I f  t h e  a i r c r a f t  next  t o  leave  t h e  
queue is r e l eased ,  a random leave-t ime i s  generated from d i s t r i b u t i o n s  
with t h e  s t a t i s t i c s  given i n  Table 4,11. (The abso lu te  va lue  of t h i s  
random number i s  taken so the  leave  t i m e  i s  always g r e a t e r  than  zero:.) 
When t h i s  a i r c r a f t  l eave  t h e  queue, another  leave-t ime e r r o r  is generated 
f o r  t he  next  a i r c r a f t  t o  leave  t h i s  queue. These leave-t ime e r r o r s  
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TABLE 4.10  FLIGHT TIMES FOR INDEPENDENT DUAL RUNWAY GEOMETRY 
CATEGORY TMIN TMN TMD TDMIN TDN TN 
1 -.. 2.40 1 .50  c- 3.90 -_  
2 _ _  2.30 1.14 -- 3.44 -- 
3 9.68 10 .73  1.04 11.21 10.17 5.34 
4 8.69 9.12 0 . 9 2  9.61 10.04 4 . 8 0  
5 18.14 18 .53  0.80 18 .94  19.33 4 .22  
6 17.54 1 7 . 9 1  0.77 18.32 18.68 4.02 
7 16.82 17.17 0.73 17.54 1 7 . 9 0  3 .90  
1970 DATA 
2000 DATA, 
1 P _  2,15 1.41 -- 3.56 -- 
2 -- 2.90 1 . 0 4 . .  -- 3.94 _ _  
3 9.24 9.69 1.02 10.26 1Q. 72 4 . 9 8  
4 21.45 21.94 0 .99  21.47 22.93 5 .09  
5 9.24 9.69 1.02 10 ,26  10,72 4 .98  
6 18.23 18 .61  0.84 19.06 19.46 4.32 
ALL ‘FIMES ARE I N  MINUTES 
p CAT. 3-4 
, CAT. 5-7 A QUEUE 
STD. MIN.  QUEUE 
* 
TOUCHDOWN 
CAT. 1-2  QUEUCPm 
DUAL RUNWAY GEOMETRY 
TMIN = MINIMUM TIME TO FLY FROM QUEUE TO MERGE 
TNM = STANDARD TIME TO FLY FROM QUEUE TO MERGE 
TMD = TIME TO FLY FROM MERGE TO TOUCHDOWN 
TDMIN = MINIMUM TIME TO FLY FROM QUEUE TO TOUCHDOWN 
TDN = STANDARD TIME TO FLY FROM QUEUE TO TOUCHDOWN 
TN = STANDARD TIME TO FLY FROM A TO 2 
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a r e  generated from Gaussian d i s t r i b u t i o n s  wi th  t h e  s t a t i s t i c s  shown i n  
Table 4.12 which are  a l s o  input  i n t o  t h e  PARAM a r r a y ,  rows 8 - 14,  
These va lues  have a non-zero mean s i n c e  t h i s  a i r c r a f t  must descend i n  
t h e  queue. 
TABLE 4 11 MERGE-TZME ERROR -STATISTICS* 




CAT I V  
CAT V 
CAT V I  
CAT V I 1  
0 . 0  Q.80 
0,o -+bo  70 
0 , o  - 0,50  
0.0 - 0.50 
0.0 -*O a 45 
0.0 - 0.40 
0.0 0.40 
0,80 0,36 
0.70  0,35 
0,50 0,20 




* ALL TIMES I N  MINUTES 
TABLE k 0 1 2  QUEUE LEAVE-TIME ERROR STATISTICS* 
A/C Category Mean MTri. Value Max, Value Std.  Dev, 
@AT I 2,O 0.5 3 , 5  0.5 
CAT E l  l , 3  0.5 2 , 8  0,5  
CAT I E I  1 , 2  0 , 5  2,7 0,5  
CAT I V  l,1 0.5 2.61 0,5  
CAT Y 1 , o  0.5 2 , 5  0 , 5  
CAT V I  1 , o  0.5 2.5 0.5 
CAT V I 1  1 , o  0.5 2 , 5  0 , 5  
ALL TIMES I N  MINUTES 
4 , 5  RESULTS AND CONCLUSIONS 
Although t i m e  d i d  not  permit t h e  eva lua t ion  of  a l l  t h e  poss ib l e  
program op t ions ,  some t e s t  cases were completed, and t h e  r e s u l t s  a r e  
presented i n  th$s s e c t i o n  a s  an example of  t h e  program ou tpu t ,  Table 
4 ,13  summarizes t h e  eases  t h a t  were run.  
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i a 
TABLE 4 . 1 3 :  TEST CASES RUN 
Ohe Runway 
3 m i .  s e p .  1.5 m i .  s e p  
Sequence Logic* Two Runways ** 













* Logic Code: 1 -- No pass ing  of a i r c r a f t  
2 -- Passing wi th  approach f l i g h t  de lay  t o  depa r t ing  
3 e- Pass ing  wi th  approach f l i g h t  de lay  t o  depa r t ing  
a ircra f t a 
o r  passed a i r c r a f t ,  whichever i s  l e s s .  
J-.I. ,.-No i n t e r a c t i o n  assumed. 
It i s  be l ieved  t h a t  t h e  f i v e  sequencing l o g i c s  ( l o g i c s  1, 2 ,  3 
and p r i o r i t y  sequencing wi th  l o g i c s  2 and 3) work proper ly .  However, 
prel iminary t e s t s  us ing  t h e  p r i o r i t y  r e l e a s e  l o g i c  ind ica ted  t h a t  
system performance was very  poor because excess ive  de lays  i n  t he  queues 
were incur red ,  The h ighes t  p r i o r i t y  a i r c r a f t  o f t e n  incurred l a r g e  
de lays  which he ld  a l l  o t h e r  a i r c r a f t  i n  t h e  queues wi th  no chance t o  be 
re leased  , 
The cases  i n  Table 4 . 1 3  use  year  1970 a i r c r a f t  c h a r a c t e r i s t i c s  
and At l an ta  d a t a ,  Year 2000 a i r c r a f t  d a t a  i s  presented i n  t h e  Sect ion 
4,4 and could be loaded i n t o  t h e  program d i r e c t l y .  It i s  noted t h a t  
s i n c e  the  A t l a n t a  t r a f f i c  demand da ta  was used ( t h i s  da t a  r ep resen t ing  
a two-runway system),  t h e  de lays  f o r  t h e  one-runway t h r e e  m i l e  s e p a r a t i o n  
cases  a r e  excessive.  However, t h e  r e l a t i v e  performance of t h e  sequencing 
l o g i c s  and o t h e r  v a r i a b l e s  can s t i l l  be compared. 
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Program R e s u l t s  
Table 4.14 presen t s  t h e  hour ly  mean a r r i v a l  rates used as input  
f o r  a l l  t h e  cases ,  a long  with t h e  a c t u a l  average a r r i v a l  rates obtained 
f o r  t h e  t e n  days s imulated.  These a r r i v a l s  are  Poisson d i s t r i b u t e d  
TABLE 4.14 HOURLY MEAN ARRIVAL RATES FOR ALL AIRCRAFT 
Hour of Day 
1 2 3 4 5 6 7 8 . 9  10 
Theore t i ca l  
Average A r r i v a l s  3 1  55 4 0 -  39  10  27 38 30 26 55 
Actual  Average 
A r  r iva  1 s 29.9 55 ,8  40 .3  38.5 13 .5  23.6 37.7 27.1 28.3 56 ,3  
c e s u l t i n g  i n  an  exponent ia l ly  d i s t r i b u t e d  i n t e r - a r r i v a l - t i m e ,  Shown i n  
Table 4 . 1 5  is  t h e  average number of a r r i v a l s  p e r  day by a i r c r a f t  
ca tegory  obtained from t h e  s imula t ion .  This a i r c r a f t  ca tegory  mix i s  
a l s o  r e p r e s e n t a t i v e  of  t h e  A t l a n t a  t r a f f i c  of t h e  1 9 7 0 ' s .  
TABLE 4 , 1 5  AVERAGE DAILY ARRIVALS BY AIRCRAFT! CATEGORY 
CAT 1 CAT 2 CAT 3 CAT 4 CAT 5 CAT 6 CAT 7 T o t a l  
Average Dai ly  
A r r  iva  Is 40.6 10.4 9 8 - 5  201.5 0 0 351  
The computer program made m u l t i p l e  s imula t ion  runs f o r  a given 
input  condi t ion .  Each sequencing l o g i c  was s imulated over  a ten-hour- 
per-day, t e n  day per iod.  The f l e x i b i l i t y  of t h e  program is  represented  
by t h e  f a c t  t h a t  on ly  14 d a t a  cards need be changed t o  s imula te  1 , 5  mile  
sepa ra t ion  in s t ead  of 3 mile  sepa ra t ion ,  and only  2 ca rds  need be changed 
t o  land a i r c r a f t  c a t e g o r i e s  1 and 2 on t h e  second runway. The computer 
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program inc luding  t h e  GASP s imula t ion  language, used 34K computer s to rage  
l o c a t i o n s  and a t y p i c a l  m u l t i p l e  run took 80 seconds on a CDC 6600 com- 
puter .  (Approximately 10 seconds f o r  compilat ion and 2 seconds f o r  each 
day simulated:.) This  compact s i z e  permits  many ex tens ions  t o  be added 
t o  t h e  b a s i c  model. 
A l l  random number gene ra to r s  were i n i t i a l i z e d  t o  the  s a m e  r e fe rence  
va lues  f o r  each run.  Therefore ,  each run had t o  accommodate random 
a r r i v a l s ,  ca tegory  assignment,  waveoffs, and e r r o r s ,  but  a l l  runs s a w  
t h e  same demand and sequence of  a r r i v a l s .  This permit ted a d i r e c t  
comparison of t h e  sequencing l o g i c s  s i n c e  each saw t h e  same demand, 
The types  of system measurements c o l l e c t e d  f o r  each run and t h e  
code foreach a r e  ou t l ined  i n  Table 4.16.  The s t a t i s t i c s  presented i n  
t h i s  s e c t i o n  a r e  based on 10 day runs.  Fu r the r  work i s  needed t o  
determine i f  longer  s imula t ion  per iods  would y i e l d  improved s t a t i s t i c s ,  
more c l o s e l y  coverging t o  populat ion parameters.  Only t h e  more s i g n i f -  
i c a n t  r e s u l t s  a r e  presented .  
F igure  4 . 9  compares t h e  t o t a l  de lays  f o r  3510 a i r c r a f t  over 10 
days incur red  f o r  each case .  Table 4.17 summarizes these  r e s u l t s ,  
showing t h e  b e s t  l o g i c  under each cond i t ion  (BL), and the  b e s t  con- 
d i t i o n  f o r  each l o g i c  (BC).  Case 6 (1 runway, 1.5 mi le  sepa ra t ion ,  
l o g i c  3) r e s u l t e d  i n  t h e  lowest t o t a l  de lay ,  A s  shown i n  F igure  4.10 
(1 runway, 1 . 5  m i l e  s epa ra t ion ,  l o g i c  2) r e s u l t e d  i n  the  lowel t  number 
of communications, a measure of t h e  r e l a t i v e  work loads on t h e  p i l o t s  
and ATC personnel .  This case a l s o  y ie lded  t h e  second b e s t  delay,  
F igure  4.11 shows t h e  maximum number of a i r c r a f t  i n  each queue 
and on approadi  f o r  each case .  It is  noted t h a t  t h e  maximum number of 
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TABLE 4.16 SYSTEM MEASUREMENTS 
COLCT 
Generated Data 
Descr ip t ion  






T o t a l  Delay 5 




path--  7 
To ta l  Delay 
f o r  A/C cate- 
gory-- 
Inter-touchdown 
Tota l  A/C t i m e  i r  
To ta l  d g i l y  num- 
. ber  of a r r i v a l s  


















H i s  t o  grams 
Descr i p t  ion  
Number of a r r i v a l s  
by hour of day, 1-2: 
Number of touch- 
downs by hour of 
day 12-22 
Number of communi- 
c a t i o n s  by hour of 
day (l-ll), by A I 6  
ca tegory  (12-22),'@ 
l o c a t i o n  
A r r i v a l  , t o  
system 23 
Hold o r  Depart 
Update Depart 
l e v e l  time 25 
Descend i n  que 
Logic 3 approach 
Clear  f o r  TD a t  
Delay on 
Waveo f f 
que 24 




t i m e s  
Runway vacancy 
t i m e s  (runway no 2 





A/C ca tegory  3 
217 
TMST 

















Descr ip t ion  
Number of A/C i n  1 
system by A/C > 


























































1 R T m Y  
Figure 4 . 9  COMPARISON OF DELAY TIMES FOR 10 DAYS, 3510 A/C 
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Table L17: Comparison of Delays Incurred by Sequencing Logics 
Under Various Conditions 
One Runway 
3 mile  s e p a r a t i o n  
1 . 5  mile s e p a r a t i o n  
Two Runways 
3 mile sepa ra t ion  
LOGIC 








Logic 3 using one runway with 1 . 5  mile  s e p a r a t i o n  eppears 
t o  be t h e  b e s t  combination t e s t e d .  
++ Logic 2 using one runway with 1 . 5  mile  s e p a r a t i o n  appears 
t o  be t h e  second b e s t  combination t e s t e d  
BC,=  Best condi t ion  under a given l o g i c  based on t o t a l  
minutes of delay 
BL = Best l o g i c  under 8. given condi t ion  based on t o t a l  
minutes of de lay  
1.5 
1.0 
Figure 4.10: Commuriicat ions Comparison 

























Maximum Number I n  Queues During 10 Days 
M a x i m u m  Number I n  Approach During 10 Bays 
Figure 4.11: Peak Numbers O f  A i r c r a f t  IH 
And Approach 






a i r c r a f t  on approaeh us ing  two runways d id  not  apprec iab ly  exceed the  
number on approach f o r  one runway and f o r  t h e  same (3 m i l e )  s e p a r a t i o n  
d i s t a n c e s .  However, u s e  of t h e  second runway r e s u l t e d  i n  much lower 
maximums i n  t h e  queues, a l lowing a i r e r a f t  t o  travel through t h e  system 
much f a s t e r ,  Resu l t s  i nd ica t ed  t h a t  only a i r c r a f t  o f  l i k e  c h a r a c t e r i s -  
t i cs  should be landed on a runway s i n c e  t h e  slower a i r c r a f t  are always 
penal ized i n  a mix s o l u t i o n ,  Higher o rde r  l o g i c s  appeared t o  pena l ize  
t h e  f a s t e r  a i r c r a f t  t o  some degree.  
Logic 1 was inadequate i n  a l l  t e s t  cases. However, t h i s  l o g i c  
w a s  not  meant t o  be an a c t u a l  ope ra t ing  philosophy, but  r a t h e r  a t es t  
f o r  model development, 
Logie 2 most n e a r l y  r e f l e c t e d  c u r r e n t  day A X  procedures.  This  
l o g i c  appeared t o  b e  t h e  b e s t ,  o r  n e a r l y  t h e  b e s t ,  under a l l  cond i t ions .  
Many o t h e r  l o g i c s  eould be developed, however, and t h i s  i s  probably 
not  t h e  optimum. 
Logic 3 showed improvement in some cases, b u t  was not  supe r io r  
as was  expected, A t  most dec i s ion  s t a g e s ,  t h e  lower de lay  r e s u l t e d  i n  
holding t h e  dec i s ion  a i r c r a f t  i n  queue r a t h e r  than  de lay ing  a i r c r a f t  
a l r eady  on appraeh so  as t o  f i t  t h e  d e c i s i o n  a i r c r a f t  i n t o  approach. 
This  tended t o  inc rease  de lays  i n  queue. Logic 3 a l s o  imposes a h igher  
work load and would r e q u i r e  a eomputer t o  perform t h e  dec i s ion  making 
func t ions  
Although t h e  pr ior i ty-queue- re lease  r o u t i n e  w a s  no t  completely 
checked o u t ,  it i s  be l ieved  t h a t  t h e  e f f e c t  would be a lower average 
delay f o r  h igher  ca tegory  a i r c r a f t ,  b u t  an  i n f e r i o r  o v e r a l l  system 
performance (higher runway vacancy t imes f o r  example), This  i s  due 
t o  t h e  f a c t  t h a t  f o r  optimum performance, t h e  a i r c r a f t  wi th  t h e  s h o r t e r  
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s e r v i c e  time (queue t o  touchdown time) should be re leased  f i r s t .  Since 
t h e  p r i o r i t y  scheme i n  t h i s  model w a s  based on a i r c r a f t  de lay ,  t he  
"optimum" a i r c r a f t  would no t  n e c e s s a r i l y  have t h e  h ighes t  p r i o r i t y .  
However, d i f f e r e n t  ways of a s s ign ing  p r i o r i t i e s  could be included i n  
t h e  model. 
Table 4.18 summarizes t h e  r e s u l t s  f o r  case 8 which employed two 
runways, t h r e e  m i l e  s epa ra t ion ,  and l o g i c  2. A l l  a i r c r a f t  o f  c a t e g o r i e s  
one and two were landed on t h e  second runway. Of a l l  cases  t e s t e d ,  
t h i s  case probably most adequately r e f l e c t s  t he  a c t u a l  A t l an ta  opera t ions  
al though no data is a v a i l a b l e  t o  v a l i d a t e  the  model. 
b a s i s ,  t h e  de lays  and o t h e r  measurements appear r e a l i s t i c .  
On an i n p u i t i v e  
Table 4.19 shows t h e  r e s u l t s  f o r  case 5, which modeled one runway, 
1.5 m i l e  s epa ra t ion ,  and l o g i c  two. This s epa ra t ion  is below t h a t  
permit ted under c u r r e n t  ope ra t ion  r u l e s  and improved equipments and 
procedures would have t o  be implemented t o  permit s a f e  opera t ions  wi th  
t h i s  s epa ra t ion ;  It i s  noted,  however, t h a t  due t o  the  s t o c h a s t i c  
a r r i v a l  r a t e ,  t h e  occurrence of such a c l o s e  sepa ra t ion  is  r e l a t i v e l y  
rare so t h g t  more concentrated e f f o r t  could be appl ied  by c o n t r o l l e r s  
t o  improve s a f e t y ,  Delays and communication workloads under t h i s  case 
were lower than those  incur red  under t h e  case  were lower than those  
incurred under t h e  previous case.  
a i r c r a f t  were put  through t h e  system i n  less t ime,  and queues had a 
lower maximum number of a i r c r a f t  than  i n  t h e  preceding case .  
B e t t e r  runway u t i l i z a t i o n  was r e a l i z e d ,  
This  
B an  i n t e r e s t i n g  t r a d e o f f ,  should equipment which permit c l o s e r  
s epa ra t ion  be developed, o r  should a d d i t i o n a l  runways be provided, 
Logic 3 y ie lded  lower de lays  f o r  t h i s  one runway, 1 .5  mi le  s epa ra t ion ,  
ca se ,  However, t h i s  i s  a t  t h e  expense of a somewhat g r e a t e r  workload. 
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TABLE 4 , 1 8  SAMPLE RESULTS 
LOGIC = 2 ,  2 Runways, 3 m i l e  Separat ion 
S t a t i s t i c s  (minutes) Mean Std .  Dev. Min. Max. Obs e 
Tota l  Delay i n  Queue 6 
Tota l  Delay i n  Queue 7 
Tota l  Delay i n  Queue 8 
Tota l  Delay i n  Approach 6 
Tota l  Delay i n  Approach 7 
(Cat 5 )  0.92 
Tota l  Delay i n  Approach 8 
(Cat 1 , 2 )  0.07 
Tota l  Delay A/C Cat 1, 2 0.27 
Tota l  Delay A/C Cat 3 10.50 
Tota l  Delay A/C Cat 4 11.68 
Tota l  Delay A/C Cat 5 1.15 
Runway (2) vacancy t imes 
Rnwy 1 (Cat 3 - 5 )  1 .48  
Rnwy 2 (Cat 1 - 2 )  14 .23  
Average t ime i n  system 19.62 
Tota l  Dai ly  Deman 
No. i n  Approaches 
(Cat 3,4)  10.69 
(Cat 5 )  0.30 
(Cat 1 , 2 )  0.21 
(Cat 3 , 4 )  1 . 1 2  
(Ai rc ra f t )  351.0 
( A i r c r a f t )  Rnwy 1 9.23 
Rnwy 2 0.17 
No. i n  Queue 6 (Cat 3 , 4 )  1 .90 
No.  i n  Queue 8 (Cat 1 , 2 )  0.01 









































3 .44  
27,77* 
26,01* 
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1 2 3 4 5 6  7 8 9 l o  11 
Avg. No. 
A r r i v a l s  
per  hour 29.9 55.8 4 0 . 3  38.5 13 .5  23.6 37.7 2 7 . 1  28.3 56.3 
Avg . No. 
TD per  
hour 23.0 4 3 . 4  4 4 . 3  43 .8  20.9 19 .8  32 .1  31.6 28 .4  45.3 1 7 . 8  
Avg. No. 
Communica - 
t i o n s  per 
hour 134.6  353.3 491.0 -331.0  7 6 . 1  98.7 199.2  191.4 143.9  338.0 107.5 
Avg. N o .  
Commun i c a  - 
t ions /AC 
JcDelay Includes Go-around Time $or A i r c r a f t s  Waved Off 
Cat/Day 144.3 -- 118.5  1204.2 997.7 -- -- -- -- -- -_  
**Occurs Due t o  F i r s t  A r r i v a l  of t he  Day 
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TABLE 4,19 SAMPLE RESULTS 
LOGIC = 2 ,  1 Runway, 1.5 mile  Separa t ion  
S t a t i s t i c  (Minutes) Mean S t d ,  Dev. . Min. Max Obs 
To ta l  Delay i n  Queue 5 
Tota l  Delay i n  Queue 6 
Tota l  Delay i n  Queue 7 
Tota l  Delay in Approach 
Tota l  Delay i n  Approach 
(Cat 1 2) 10 e 56 
(Cat 3,4) 1.23 
(Cat 5) 0,87 
(Cat 1 ,29  0,45 
(Cat 3.4) 0.76 
14 e 77 0.0 85.91 406 
2.75 0.0 20.29 1089 
0.28 4 -48 2815 0.0 













0 , o  
0 , o  










24 a 99* 
19 7355 
86 O l *  





Total Delay i n  A 
;cat !jrLach 0,64 
Tota l  Delay A/C Cat 1 , 2  10,97 
2,06  
Total Delay A/C Cat 4 1,92 
Tota l  Delay A/C Cat 5 0,71 
Tota l  Delay A j c  Cat 3 
Runway Vacancy Time 1,24 
Average Time i n  System 17,52 
Tota l  Dai ly  Demand 
(A F r  c r a  fit 351 00 
N o ,  i n  Approach 
( A i r  e r a  f t 1 9,26 
No. i n  Queue 5 (Cat 1,29 0.65 
No, i n  Queue 6 (Cat 3,49 0,18 
No, i n  Queue 7 (Cat 5) 00Q2 
(A i r c r a  f t 













1 2 3 4 5 6 7 8 9 10 11 
Avg, No, 
A r r  iva  1 s 
per  hour 29,9 55,8 40.3 38.5 13.5 23,6 37,7 27.1 28,3 5Q03 0 -  
Avg, No. 
TD per 
hour 21,5 46.3 46,2 40,9 19.5 39.9 33,2 32,1 26.9 45,8 18.7  
Avg, No. 
6= ommun f ca  - 
t i o n s  per 
hour 128,3 289,O 298.0 204.5 61.1 -79.5 165.1 126.0 112,O 326,8 73.5 
Avg, N o ,  
Communfca - 
t ions  /AC 
C a t b a y  462,7 -- 52,8 499,9 848.5 -- 
- 4 c c u r s  due t o  f i r s t  a r r i v a l  of t h e  day 
-_  - 0  _ _  -- m o  
*Delay inc ludes  gooaround time f o r  a i r c r a f t  waved off 
&-I. 
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A comparison of t h e  average,  t o t a l  de lays  f o r  each a i r c r a f t  ca tegory  
under l o g i c  two f o r  a l l  t h r e e  cond i t ions  i s  shown i n  F igure  4.12. This  
f i g u r e  i n d i c a t e s  t h a t  case 5 (one runway wi th  1.5 mi le  sepa ra t ion )  y i e l d s  
t h e  lowest de lay  under l o g i c  2.  
F igures  4.13a and b present  t h e  runway-vacancy-time p r o b a b i l i t y  
d e n s i t y  his tograms f o r  cases  2 ,  5, 6 ,  and 8 .  This  information g ives  a n  
i n d i c a t i o n  of  how e f f i c i e n t l y  t h e  a i r c r a f t  a re  de l ive red  t o  t h e  runway 
threshold  from t h e  s tandpoin t  of  maximizing t h e  number of  landings p e r  
hour.  It a l s o  i n d i c a t e s  t h e  p r o b a b i l i t y  of  t h e  runway being vacant  
f o r  a t akeof f  a t  some time dur ing  t h e  day. That i s ,  i f  an  a i r c r a f t  
r e q u i r e s  1 minute t o  r o l l  i n t o  t h e  runway and t ake -o f f ,  t h e r e  i s  a 
p r o b a b i l i t y  of 40% t h a t  t h e  runway would be  vacant  one minute o r  more 
f o r  t h i s  a i r c r a f t  t o  t akeof f  f o r  case  2 ( the  sum of  the  p r o b a b i l i t i e s  
above one minute).  
The d a t a  of F igures  4.13aiand b a l s o  show t h a t  t h e  l i m i t i n g  cri-  
t e r i o n  on maximum landings  p e r  hour s h i f t s  from t h e  sepa ra t ion  c r i t e r i o n  
t o  t h e  runway vacancy c r i t e r i o n  as  t h e  minimum s e p a r a t i o n  is  reduced 
from 3 t o  1.5 m i l e s .  This  i s  demonstrated by t h e  f a c t  t h a t  t h e  runway 
vacancy t i m e  c e l l  wi th  t h e  h ighes t  p r o b a b i l i t y  i s  from .05 t o  0.75 
minutes f o r  t h e  3 m i l e  s e p a r a t i o n  cases. This  occurs  s i n c e  t h e  t h r e e  
m i l e  s e p a r a t i o n  t i m e  f o r  ca tegory  5 a i r c r a f t ,  f o r  example, i s  1.04 
minutes,  whi le  t h e  r o l l - o u t  i m e  f o r  t h i s  ca tegory  i s  0.57 minutes.  
Therefore ,  i f  t h e  a i r c r a f t  a re  being landed with three-mi le  sepa ra t ion ,  
t h e  runway vacancy t i m e  would be 0.47 minutes,  very  c l o s e  t o  t h e  h ighes t  
p r o b a b i l i t y  eel1 of 0.5 t o  0 ,75 minutes.  Om t h e  o the r  hand, t h e  1 .5  
mi le  s e p a r a t i o n  t i m e  f o r  t h i s  ca tegory  is  0.52 minutes .  Therefore ,  t h e  
runway vacancy t i m e  would go t o  zero i f  t he  runway vacancy c r i t e r i a  
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COMPARISON O F  AVERAGE TOTAL DELAYS 
B Y  A I R C R A F T  CATEGORY UNDER L O G I C  2 











1 & 2  3 4 5 1&2 3 4 5 1&2 3 4 5 
3 MI.  SEP. 
1 RUNWAY 
1.5 M I .  SEP. 
1 RUNWAY 
A I R C R A F T  C A T E G O R I E S  




3 M I .  s a .  
2 RUNWAYS 
C A S E  2 - L O G I C  2 - ONE RUNWAY 
3 M I L E  SEPARATION 
MEAN - 1 . 3 1  MINUTES 
STANDARD D E V I A T I O N  - 1.62 
E 




H - 4  




.5 1 2 3 4 
,  
g:
RUNWAY VACANCY T I M E  (MINUTES)  
c.n .4 
w z
n 1.5  M I L E  S E P A R A T I O N  
MEAN - 1.24 M I N U T E S  
STANDARD D E V I A T I O N  - 2.20 
C A S E  5 - L O G I C  2 - ONE RUNWAY 




. 2  
3 ,*I 
g: 
.5  1 2 3 4 
RUNWAY VACANCY TIME (MINUTES) 
c 
2 . 2  
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. 5  1 2 3 4 
RUNWAY VACANCY TIME (MINUTES) 
F igure  4.13a - R u n w a y  V a c a n c y  T i m e  H i s t o g r a m s  
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.6  - .5 
n .4 
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CASE 8 - LOGIC 2 - TWO RUNWAYS 
3 MILE SEPARATION 
- RUNWAY NUMBER ONE 
A/C CAT. 13,4 AND 5 
MEAN - 1.48 MINUTES 
STANDARD DEVIATION - 2.23  
,173 
RUNWAY VACANCY TIME (MINUTES) 
CASE 8 - LOGIC 2 - TWO RUNWAYS 
3 MILE SEPARATION 
RUNWAY NUMBER TWO 
A/C CAT. 1 AND 2 
MEAN - 14.23 MINUTES 
STANDARD DEVIATION - 21.49 
.65 
1 2 3 4 
RUNWAY VACANCY TIME (MINUTES) 
FIGURE 4 . 1 3 B  - RUNWAY VACANCY TIME HISTOGRAMS 
2 2 8  
4 
were the  l i m i t i n g  case. That t h i s  does occur i s  demonstrated i n  the  
case  5 d a t a ,  f o r  which t h e  h ighes t  p r o b a b i l i t y  c e l l  i s  t h e  0.0 t o  0.25 
minute c e l l .  
Conclusions 
Resu l t s  d e f i n i t e l y  i n d i c a t e  t h a t  d i sc re t e -even t  modeling o f  
system e f f e c t s  can adequately s imula t e  the  a i r - t e r m i n a l  ope ra t ions  
system. Many dec i s ions  concerning t h e  system can be made wi th  t h e  
a s s i s t a n c e  of such a model, 
Fu r the r  s tudy i s  requi red  t o  b u i l d  more realism i n t o  t h e  model. 
Also needed i s  a set  of a c t u a l  da t a  t o  v a l i d a t e  t h e  model. 
ModeliEg t h e  f l i g h t  dynamics of a i r c r a f t  may not be necessary 
t o  answer many ques t ions  concerning the  a i r  te rmina l  system. However, 
t he  model could e a s i l y  be extended t o  do so  by adding a subrout ine  t o  
perform t h e  necessary c a l c u l a t i o n s .  This event  could be c a l l e d  every 
few seconds (or  i n  some o t h e r  small t i m e  increment) t o  update a i r c r a f t  
l o e a t i o n ,  
Many t r adeof f  s t u d i e s  were suggested by t h e  resu , l t s  and could be 
performed by the  model, For example, such t r a d e o f f s  as 1.5 mi le  
sepa ra t ion  on orie runway versus  3 m i l e  s epa ra t ion  on two runways, and 
providing high speed ramps t o  reduce roll .-out t i m e s  ve r sus  r e t a i n i n g  
c u r r e n t  r o l l o u t  t imes could be s t u d i e s .  
Not on ly  t h e  t o t a l  a r r i v a l  r a t e  i s  c r i t i c a l  t o  ope ra t ions  bu t  
a l s o  ins tan taneous  m i x  of a i r c r a f t  i n  t h e  system and t h e  sus t a ined  ra te  
of a r r i v a l  a r e  c r i t i c a l  t o  ope ra t iona l  procedures.  Improvement i n  the  
system performance could be obtained by accept ing  a r r iva l s  a t  a poin t  
only with proper enroute  sepa ra t ion .  Lower sepa ra t ion  t imes a r e  
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permit ted i n  t h e  c u r r e n t  model t o  r e f l e c t  t h e  f a c t  t h a t  t he  d e c i s i o n  
(queue) nodes are a b s t r a c t  i n  l o c a t i o n  and a r r i v a l s  may not e n t e r  t he  
system a t  t h e  same po in t  o r  t h e  same a l t i t u d e ,  
Resu l t s  i nd ica t ed  t h a t  it i s  more e f f i c i e n t  t o  land only a i r c r a f t  
o f  s i m i l a r  f l i g h t  c h a r a c t e r i s t i c s  on a runway as opposed t o  mixing a i r -  
c r a f t  c a t e g o r i e s .  It a lso  appears  t h a t  t h e  b e s t  way t o  ope ra t e  the  
system is  t o  group a i r c r a f t  as c l o s e l y  a s  p o s s i b l e  f o r  landing regard-  
less of  any p r i o r i t y  system o r  de lays  incurred on approach, 
While t h e  model could no t  be v a l i d a t e d  wi th  a c t u a l  d a t a ,  t h e  
r e s u l t s  and conclus ions  drawn from them appear t o  correspond d i r e c t l y  
t o  c u r r e n t  ope ra t ing  phi losophies .  This f a c t  l ends  much credulence t o  
t h e  model, 
4 . 6  MODEL EXTENSIONS 
This  s e c t i o n s  se rves  as a framework f o r  ex tens ions  t h a t  t h e  
reader  may wish t o  fnclu.de i n  ahe model. %ais supplement i s  sub- 
divided i n t o  t h e  fol lowing ex tens ions :  those formulated from t h e  
o r i g i n a l  model concept recommended i n  t h e  in t roduc t ion ,  and those  
necessary  t o  perform a s p e c i f i c  experiment wi th  t h e  model, The f i r s t  
ca tegory  cons iders  t h e  following: 
1. I n t e r a c t i o n  between runways a t  a s i n g l e  a i r p o r t ,  in -  
c luding  runway changeover, 
2 ,  I n t e r a c t i o a  between a i r p o r t s  i n  a s i n g l e  met ropol i tan  
a.rea, inc luding  wave o f f s  and landing a t  an  a l t e r n a t e  
a i r p o r t  
3 ,  Takeoff s imula t ion  c a p a b i l i t y .  
The second ca tegory  examines the  following: 
1 Microwave ILS s imula t ion  
230 
2.  Wake v o r t e x  s e p a r a t i o n  and s e n s i t i v i t y  a n a l y s i s  on 
s e p a r a t i o n  e f f e c t s .  
3 .  Spacing of scheduled a r r iva ls .  
4 .  Stored c h a r a c t e r i s t i c s  of i nd iv idua l  a i r c r a f t .  
5. More rea l i s t ic  system e r r o r s  wi th  s e n s i t i v i t y  s t u d i e s .  
6 .  A r r i v a l  a i r c r a f t  i n  a n  emergency s i t u a t i o n .  
The c a p a b i l i t y  of  r e a d i l y  inc luding  these  ex tens ions  i n d i c a t e s  t h e  model 's  
v e r s a t i l i t y .  
Runway I n t e r a c t i o n  
The i n t e r a c t i o n  between approaches t o  a two runway a i r p o r t  i s  the  
f i r s t  l o g i c a l  ex tens ion  t o  the  te rmina l  ope ra t ions  model, This i n t e r -  
a c t i o n  occurs  when approach c o r r i d o r s  over lap  because of  geometric 
c o n s t r a i n t s  o r  no i se  abatement procedures,  o r  when crossovers  between 
approach c o r r i d o r s  and runways are permit ted.  Overlapping c o r r i d o r s  
would r e q u i r e  t e s t i n g  f o r  proper spacing a t  a l l  of t he  event  nodes on 
t h e  approaches be fo re  alPowFng a n  a i r c r a f t  t o  advance from queue t o  
tbuchdown, c rossovers  on a dua l  runway system eould be handled i n  two 
ways. The f i r s t  method adds s e v e r a l  po in t s  t o  t h e  f l i g h t  path of  IFR 
t r a f f i c .  The second method moves t h e  merge po in t  t o  co inc ide  wi th  
approach c rossove r s ,  
I 
The geome'tryueed wi th  t h e  f i r s t  method f o r  inc luding  crossovers  
i s  shown i n  F igure  4.14a. 
Based Model i n  F igure  4.14b. 
wi th  IFR t r a f f i c  a t  approximately t h e  middke marker as shown i n  F igure  
4.14b ( t h e  middle marker i s  loca ted  a t  t h e  merge p o i n t ) .  
s e v e r a l  po in t s  a re  added t o  t h e  system, a n  a lgo r i thm eould be developed 
t o  cons ider  only two p o i n t s  a t  any one t ime. 
This  geometry w a s  converted t o  the  T i m e  




1 1 . 3  N.M. 
CROSSOVER - 5 
P O I N T  
10 N.M. 
. - SOUTH 
QUEUE 
MERGE P O I N T  
SOUTH - 66 
RUNWAY 






2 - CROSSOVER 
P O I N T  
MERGE P O I N T  
3 - NORTH 
RUNWAY 
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Figure  4.14b - T i m e - b a s e d  M o d e l  
of  D u a l  Runway S y s t e m  
232 
I 
1 - NORTH 
QUEUE 
The time, T1,  i n  t h e  timed based model corresponds t o  the  t i m e  it 
would t ake  an  a i r c r a f t  t o  fol low t h e  s h o r t e r  geometric path between 
po in t s  1 and 2 (1-1*-2). T2 corresponds t o  t h e  longer  geometric paths  
(1-1*-1**-2*-2). The t i m e  T3 i s  t h e  t r a v e l  t i m e  between po in t s  2 and 
3, and T4 r ep resen t s  t h e  c rossover  t i m e  between p o i n t s  2 and-5 .  
t h e  nor th  and south  geometr ies  a r e  t h e  same, T6 and T 1  a re  the  same, 
T7 and T2 a r e  t h e  same, and T3 and T5 a re  t h e  same. I f  d i f f e r e n t  
geometries a.re used f o r  t h e  no r th  and south,  t h e s e  t i m e s  could e a s i l y  
be co r rec t ed  t o  ag ree  wi th  t h e  geometry. 
Since 
The schedul ing process  used f o r  t h e  IFR t r a f f i c  i n  t h i s  model is 
based on main ta in ing  s e p a r a t i o n  between p r i v i o u s l y  scheduled a i r c r a f t  
a t  a l l  common po in t s  i n  t h e  geometry. For example, i f  a n  a i r c r a f t  i s  
being scheduled from t h e  nor th  queue t o  t h e  south runway, it would be 
necessary t o  in su re  s e p a r a t i o n  a t  p o i n t s  1, 2,  5 ,  and 6 ,  The poss ib l e  
pa ths  f o r  a i r c r a f t  e n t e r i n g  t h e  system a t  t h e  no r th  queue a r e  1-2-3 
o r  1-2-5-6. Likewise, a t r c r a f t  e n t e r i n g  a t  t h e  south queue can  use 
paths  4-5-6 o r  4-5-2-3. 
When each a i r c r a f t  i s  i n i t i a l l y  considered i n  t h e  schedul ing 
processp  t h e  appropr i a t e  s epa ra t ion  c o n s t r a i n t s  a re  developed. The 
s e p a r a t i o n  cons t r an t  f o r  a po in t  is t h e  f i r s t  t i m e  t h e  present  a i r c r a f t  
could p a s s  t h i s  po in t  and be assured  of  s e p a r a t i o n  wi th  a l l  prev ious ly  
scheduled a i r c r a f t ,  Stored f o r  each po in t  i s  t h e  l a s t  t ime an  a i r c r a f t  
was scheduled through t h a t  po in t  and t h e  a i r c r a f t ' s  ca tegory ,  Using 
t h e  c a t e g o r i e s  of t h e  present  and previous a i r c r a f t ,  t h e  time sepa ra t ion  
necessary  t o  main ta in  t h e  appropr i a t e  phys ica l  s e p a r a t i o n  is  determined. 
When t h e  t ime s e p a r a t i o n  i s  added t o  the  s t o r e d  t i m e  o f  t h e  l a s t  
scheduled a i r c r a f t  through t h e  po in t ,  t h e  s e p a r a t i o n  c o n s t r a i n  i s  
obtained e 
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U t i l i z i n g  t h e  s e p a r a t i o n  c o n s t r a i n t s  and t h e  time t h e  present  a i r -  
c r a f t  i s  a t  t he  queue, t h e  a i r c r a f t  i s  t e n t a t i v e l y  scheduled t o  t h e  
appropr i a t e  merge us ing  both path t i m e s  between t h e  queue and merge. 
( i a 3 0 9  nor th  queue a i r c r a f t  a re  scheduled t o  t h e  nor th  merge po in t  
us ing  t i m e  T 1  and T2, south queue a i r c r a f t  are  scheduled t o  t h e  south 
merge po in t  u s ing  t i m e s  T6 and T7 .) 
The schedul ing philosophy from t h e s e  c rossover  po in t s  t o  merge 
and touchdown depends on the  landing  philosophy used. One philosophy 
is  t o  cons ider  t h e  no r th  runway a s  a primary runway and t o  use  the  
south runway only  i f  it introduced no a d d i t i o n a l  de lay  f o r  t h e  a i r c r a f t .  
This means t h a t  most a i r c r a f t  w i l l  use t h e  nor th  runway, leav ing  t h e  
south runway a v a i l a b l e  f o r  t a k e o f f s .  Although t akeof f s  a r e  a o t  included,  
i t  would be easy t o  inc lude  t a k e o f f s ,  simply by changing t h e  s e p a r a t i o n  
c o n s t r a i n t  a t  t h e  appropr i a t e  runwhy each time a takeoff  i s  scheduled. 
An a lgor i thm desc r ib ing  t h e  geometry of F igures  4.14a and 4,14b 
could be incorporated i n t o  t h e  subrout ine  APPRCH t o  determine an  
a i r c r a f t ’ s  poss ib l e  f l i g h t  pa ths  and event  t imes.  
Another arrangement f o r  a l lowing  crossovers  which i s  more e a s i l y  
adapted i n t o  t h e  c u r r e n t  model involves  moving t h e  merge node t o  
co inc ide  w i t h t  he approach crossovers .  A i r c r a f t  depa r t ing  from the  
queue would be t e s t e d  f o r  spacing a t  merge and touchdown with a i r c r a f t  
a l r eady  on approach t o  t h e  des igna ted  primary runway f o r  t h a t  queue. 
I f  t he  ca l cu la t ed  sepa ra t ions  a re  less than  t h e  allowed minimum, a 
c rossover  time would be added t o  t h e  scheduled merge, and the spacing 
t e s t s  would be made wi th  a i r c r a f t  on approach t o  t h e  o the r  runway. I f  
proper s epa ra t ions  a re  s t i l l  not assured ,  t h e  a i r c r a f t  would be held  i n  
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queue f o r  a time s u f f i c i e n t  t o  a l low t h e  a i r c r a f t  t o  be sequenced t o  i t s  
primary runway. 
Delay caused by runway changeover, due t o  a r e v e r s a l  i n  t h e  d i r e c t i o n  
o f  t h e  head winds, i s  a n  a i r p o r t  problem t h a t  could be s tud ied  wi th  t h i s  
model, New a r r iva ls  would be assigned t o  queue l o c a t i o n s  more a c c e s s i b l e  
f o r  approaching t h e  a i r p o r t  i n t o  the  new headwind. A i r c r a f t  a l r e a d y  on 
approach would be permit ted t o  land i n  t h e  d i r e c t i o n  and on the  runway 
o r i g i n a l l y  intended.  The approach d i r e c t i o n  and runway des igna t ion  
f o r  a i r c r a f t  ho ld ing  i n  former queues would be v a r i a b l e s  Go be determined 
i n  t h e  s tudy .  
Mul t ip l e  A i r p o r t s  i n  One Metropol i tan  Area 
The c u r r e n t  model does not  have t h e  c a p a b i l i t y  of s imula t ing  
m u l t i p l e  a i r p o r t  hubs such a s  Kennedy-LaGuardia-Newark, Chicago O ' H a r e  
and Midway, and t h e  southern  C a l i f o r n i a  complex. 
Addi t iona l  event  nodes would have t o  added t o  t h e  model t o  e f f e c t i v e l y  
s imula te  i n t e r a c t i o n  o f  overlapping enroute  c o r r i d o r s  t o  d i f f e r e n t  
a i r p o r t s .  
The p o s s i b i l i t y  of  having waveoffs land a t  a n  a l t e r n a t e  a i r p o r t  
w i t h i n  t h e  hub would have t o  be explored.  S h u t t l e  s e r v i c e  between t h e  
r e spec t ive  a i r p o r t s  could be s imulated by us ing  a s e p a r a t e  approach f i l e  
bu t  maintaining t h e  s a m e  merge nodes, 
Takeoff Simulat ion 
The present  model C o l l e c t s  s ta t i s t ics  i n  t h e  form of a his togram 
on inter-touchdown t i m e s  f o r  t h e  one runway and independent wo runway 
system, This  his togram rep resen t s  t h e  only record of poss ib l e  takeoff  
events .  A s tudy could be  performed on a i r p o r t  ground-handling capac i ty  
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and runway occupancy t ime f o r  t akeof f s  by a i r c r a f t  category.  This 
s tudy would then  provide a b a s i s  f o r  adding c o n s t r a i n t s  t o  t h e  touchdown, 
merge and depa r t  queue events  f o r  a r r i v i n g  a i r c r a f t .  
Takeoffs i n  t h e  two runway system could be assumed t o  occur  on 
one runway only.  This  would des igna te  one of t h e  runways as t h e  primary 
landing s t r i p .  Since a i r c r a f t  i n  t h e  a i r  assume a p r i o r i t y  over  those  
on t h e  ground, t h e  t akeof f s  would be r e s t r i c t e d  whenever a landing is  
t o  occur  on t h e  a l t e r n a t e  runway. 
Microwave IES 
Modeling a f u t u r e  a i r p o r t  wi th  microwave c a p a b i l i t y  could be 
accomplished by moving t h e  merge node forward t o  co inc ide  wi th  touch- 
down, This  would a l low t h e  a i r c r a f t  t o  f l y  curved f i n a l  approaches and 
i n t e r s e c t  t h e  g l i d e  s lope  a t  d i f f e r e n t  g a t e s  and a t  va r ious  a l t i t u d e s  
as prescr ibed  by performance c h a r a c t e r i s t i c s .  T i m e  s epa ra t ion  schemes 
a t  t h e  merge node would have t o  be worked ou t  t o  a s s u r e  proper spacing 
on f i n a l  approach, Fur ther  information on t h e  microwave ILS system i s  
a v a i l a b l e  i n  Sec t ion  3 . 4  
S e n s i t i v i t y  S tudies  on Separa t ion  
I n  t h e  present  model, spacing a t  the  event  nodes i s  based only on 
t h e  t i m e s  t h a t  it t akes  t h e  r e s p e c t i v e  c a t e g o r i e s  of a i r c r a f t  t o  f l y  
t h e  s p e c i f i e d  n a u t i c a l  mi le  s epa ra t ion .  A more d e t a i l e d  s tudy of  
ope ra t ions  could examine t h e  o rde r  i n  which a i r c r a f t  proceed through 
t h e  system, Separa.tion c o n s t r a i n t s  would vary  according t o  t h e  r e l a t i v e  
pos i t i on ing  of a i r c r a f t  Categories  on approach. For example, spacing 
f o r  l i g h t  a i r c r a f t  fol lowing jumbo j e t s  and SST's might be s p e c i f i e d  i n  
t e r m s  of t h e  p r o b a b i l i t y  of a wake vo r t ex  encounter .  This would add 
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a dynamic v a r i a b l e  t o  t h e  p r i o r i t y  en t rance  a lgor i thm t o  t e s t  t h e  
f a v o r a b i l i t y  of l i k e  ca tegory  a i r c r a f t  moving i n  t r a i n s .  An experiment 
of t h i s  na tu re  would a l s o  provide a gauge on t h e  e € f e c t  of new a i r c r a f t ,  
such as t h e  SST, and o v e r a l l  system performance. 
S e n s i t i v i t y  s t u d i e s  on de lay  and runway u t i l i z a t i o n  could be per-  
formed on t h e  b a s i s  of  vary ing  s e p a r a t i o n  c o n s t r a i n t s .  This type of 
s tudy could a l s o  determine e f f e c t  v s .  c o s t  f o r  new equipment. 
Scheduled A r r i v a l s  
The p resen t  model uses  known a r r i v a l  rates t o  genera te  random 
a r r i v a l  t i m e s  and c a t e g o r i e s .  The model could be extended t o  s tudy  
optimum schedul ing of a r r i v a l s  by ca tegory ,  given t h e  a i r p o r t ' s  demand 
l e v e l  and handl ing  c a p a b i l i t y .  An a d d i t i o n a l  runway could be proposed 
t o  handle  pop-up t r a f f i c  o r  genera l  a v i a t i o n .  The scheduled a r r i v a l  
t i m e s  could be f u r t h e r  a l l o c a t e d  t o  t h e  va r ious  t r i p  genera tors  by 
demand cons ide ra t ions .  I n  t h i s  type of  model t h e  queueing a r e a s  could 
be moved t o  t h e  o r i g i n  o f  t h e  f l i g h t .  
Stored Performance C h a r a c t e r i s t i c s  
To supplement t h e  schedul ing experiments,  t h e  c l a s s i f i c a t i o n s  
could be expanded t o  ind iv idua l  s to red  v e l o c i t y  and d e c e l e r a t i o n  pro- 
f i l e s ,  and f l i g h t  dynamics o f  a i r c r a f t  by name o r  type.  Then based on 
opt imal  o r  a l t e r n a t e  f l i g h t  path geometr ies ,  t h e  event  t i m e s  could be 
more p r e c i s e l y  c a l c u l a t e d  by t h e  program. 
I n  a d d i t i o n  t o  t h e  node event  codes,  another  event  code could be 
used t o  check t h e  s t a t e  of t h e  system a t  a s e l e c t e d  t i m e  increment. 
This  t i m e  increment would correspond t o  s tepping  t h e  a i r c r a f t  through 
t h e  system, GASP would provide t h e  execut ive  c o n t r o l .  A t  each s t e p ,  
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t h e  f l i g h t  dynamics could be used t o  determine a n  a i r c r a f t ' s  exac t  
poh i t ion .  This  type o f  model could be used t o  s tudy  c o l l i s i o n  avoidance 
systems o r  t h e  o v e r a l l  s a f e t y  of  t h e  te rmina l  opera t ions  a s  t h e  l o g i c  
codes and s e p a r a t i o n  c o n s t r a i n t s  a re  v a r i e d .  
E r ro r  Analysis  
The c u r r e n t  model lumps a l l  system e r r o r s  i n t o  normal d i s t r i b u t i o n s  
based on a i r c r a f t  ca tegory  and f l i g h t  geometry and a s s igns  t h e s e  e r r o r s  
a t  t h e  queue and merge nodes. S tud ie s  of a c t u a l  te rmina l  opera t ions  
could more p r e c i s e l y  determine e r r o r  d i s t r i b u t i o n s  f o r  in te rnode  t i m e s  
and performance ca t egor i e s .  More d e t a i l e d  a n a l y s i s  of  e r r o r  accured 
by weather problems o r  equipment op t ions  would be another  u se fu l  a d d i t i o n  
t o  t h e  model, S e n s i t i v i t y  s t u d i e s  could then  determine the  e f f e c t  of 
vary ing  e r r o r  d i s t r i b u t i o n s  on system performance. 
Emergency Operat ions 
Whenever an  a r r i v a l  i s  designated as a n  emergency a i r c r a f t ,  it 
would assume t h e  h ighes t  poss ib l e  en t rance  p r i o r i t y  and encounter no 
enroute  de lay ,  This  would mean t h a t  a l l  a i r c r a f t  i n  t h e  approach 
which t h e  emergency a i r c r a f t  can p a s s  would be held o r  waved o f f  
when necessary.  The model could be extended t o  inc lude  emergency-cap- 
a b i l i t y  by a s s ign ing  t o  t h e  a r r i v a l  an  o rde r  o f  magnitude h ighe r  p r i o t i t y  
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A s tudy  f o r  t h e  te rmina l  area c o n t r o l  system f o r  t h e  year  2000 , 
has produced t h e  fol lowing conclusions:  
1. Passenger demand i s  p ro jec t ed  t o  be 20 x lo8  enplanements 
p e r  year  wi th  t h e  fo l loy ing  breakdown: 
Dis tance  ( m i l e s )  % of T o t a l  Enplanements 
0-500 51.4 
500- 1000 24.3 
1000-1500 12 ,3  
1500 - 2500 10.4 
over 2500 1.4 
2, Cargo demand is  pro jec ted  t o  be 601,082 m i l l i o n s  of  ton-miles 
of  which 434,600 m i l l i o n  ton-miles w i l l  be domestic cargo.  
This  assumes an  a r r i v a l  ra te  inc rease  of 17% i n  domestic 
cargo demand and 13% i n  i n t e r n a t i o n a l  cargo demand. Ninety- 
n ine  percent  of cargo (ton-miles) w i l l .  be  moved by an  a l l -  
cargo a i r c r a f t  f l e e t .  
3. The a , i r  c a r r i e r  f l e e t  is projec ted  t o  be 8179 passenger 
Carrier a i r c r a f t  a i r c r a f t  and 3140 a l l - ca rgo  a i r c r a f t .  
w i l l  be of s i x  types:  
V P e  Maximum Range ( m i l e s )  
VSTOL 
Shor t  Haul Je t  
Medium J e t  
747 Type J e C  
Transonic,  Transport  




over  2500 
over  2500 
over  2500 
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4 ,  General a v i a t i o n  w i l l  grow t o  702,300 a i r c r a f t ,  w i th  the  
, fol lowing breakdown: 
Number Type 
S ing le  Engine 
Mul t ip l e  Engine 
Turboprop 
Turbo j e c t  










7 .  
8. 
9.  
I n  approximately 1985 a Transonic  Transport  w i l l  be introduced 
t o  t h e  a i r  car r ie r  f l e e t  having t h e  fol lowing c h a r a c t e r i s t i c s :  
, 
a .  Range over  2500 mi l e s  
b ,  Speed 650 miles/hour  
c .  P-..yload 273 tons ( o r  10%) 
passengers)  
6 d .  Gross Weight 1.75 x PO pounds: 
Terminal area a i r s p 2 c e  w i l l  be p o s i t i v e l y  cosi t rol led f r m  
which inadequately e q u i p p d  a i r c r a f t  w i l l  be e x c l d e d .  A f r  
c o l l i s i o n  avoidance w i l l  be provided by p o s i t i v e  c c c t r o l ,  w t th  
a i r c r a f t  co l l - i s ion  a la rm a backup s y s t e m .  
The t r i l a t e r a t i o n  system i s  most d e s i r a b l e  For t h e  te rmina l  
a r e a  w v i g a t i o n  ca.pacity. 
parailel .  arrengement o f  dua l  runways provfdes t h e  g r e a t e s t  
Landing capac' i ty , 
A mi-rrowave ILS i s  t h e  most d e s i r a b l e  f o r  cermfnal area opera.- 
t i o n s  f o r  the fol lowing reasons:  
a ,  Curved approach pa ths  a r e  obta ined .  
b .  L a t e r a l  s e p a r a t i o n  may be reduced t o  less thhzi, S m i l e  iz 
c .  2500 foot s e p e r a t i o ?  bztwe-en p a r a l l e l  rutways is pcss ib l e .  
f l i g h t ,  
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d. A i r c r a f t ,  o f  s i m i l a r  l anding  c h a r a c t e r i s t i c s ,  can be 
landed a t  a ra te  of 90 a i r c r a f t  per  hour per  runway wi th  
a + 5 second d e l i v e r y  accuracy a t  t h e  touchdown poin t .  
WiTh reduc t ion  s e p a r a t i o n  t h e  landing ra te  is cons t ra ined  
by landing r o l l o u t  t i m e .  
e. 
10,  Simulat ion r e s u l t s  i n d i c a t e  t h a t  a d i s c r e t e  events  philosophy 
of  system e f f e c t s  has  p o t e n t i a l  as a technique f o r  s imula t ing  
a i r  te rmina l  ope ra t ing  systems. Fur ther  ex tens ions  of t h i s  
model should be developed t o  more a c c u r a t e l y  desc r ibe  real  
world cond i t ions .  The model w a s  a b l e  t o  v e r i f y  o t h e r  con- 
c l u s i o n s  of  t h i s  s tudy ,  s p e c i f i c a l l y :  
a .  A i r c r a f t  of s imi l a r  landing c h a r a c t e r i s t i c s  should land 
b o  Rol lout  t i m e  becomes t h e  l i m i t i n g  c o n s t r a i n t  when a i r -  
on t h e  s a m e  runway. 
c r a f t  s e p a r a t i o n  i s  reduced. 
11. A model ~ E S  been developed t h a t  may, wi th  ex tens ion ,  adequately 
s imula te  t e rmina l  a r e a  ope ra t ions .  Future  aFr c o n t r o l  systems 
w i l l  r e q u i r e  s imula t ion  techniques i n  order  t o  a c c u r a t e l y  
eva lua te  new equipment and procedures.  The year  2000 a i r c r a f t  
demand can be s a t i s f i e d  by techniques and procedures developed 







FUTURE STOL AND VTOL AIRCRAFT 
Severa l  s cud ie s  have been made t o  determine t h e  f e a s i b i l i t y  of  
us ing  STOL and VTOL a i r c r a f t  t o  a l l e v i a t e  the p resen t  a i r  t r a f f i c  
congest ion.  1 y 2 2 3 a k  whi le  t h e s e  s t u d i e s  d i f f e r  somewhat i n  t h e i r  choice  
of  t h e  b e s t  type of V/STOL a i r c r a f t  t o  use ,  they  a l l  agree  t ha t  V/STOL 
ope ra t ions  are f e a s i b l e  and d e s i r a b l e  i f :  
1. They cap ope ra t e  i n  t h e i r  own a i r s p a c e ,  s e p a r a t e  from CTOL, 
wi th  t h e i 7  own ATC procedures.  
2.  Noise can be reduced t o  a l e v e l  t h a t  is acceptab le  t o  t h e  publ iq  
(around 90 PNDB). 
The f i r s t  cond i t ion  is  necessary because V/STOL a i r c r a f t  have h ighe r  
ope ra t ing  cost. than  CTOL. I f  they a re  requi red  t o  f l y  Convenfional 
approach pa ths  wi th  t h e  t h r e e  degree, s l i d e  s l o p e  and t h e  de lays  encountered 
i n  hold iqg  p a t t e r n s ,  they  cannot ope ra t e  a t  a p r o f i t  and thus  w i l l  no t  
be accep tab le  fo commercial a i r l i n e s .  The noise  problem with V/STOL i s  
a t  present  t h e  l i m i t i n g  f a c t o r  as far  as technology is  concerned and 
it i s  f e l t  t h a t  t h i s  can be overcome. 
today is  t h a t  no one i g  w i l l i n g  o r  a b l e  t o  t ake  t h e  i n i t i a t i v e  t o  s ta r t  
such a s e r v i c e .  A i r c r a f t  manufacturers are not  w i l l i n g  t o  begin a 
l a r g e  r e sea rch  and developmept program. without  some assurance  t h a t  
t h e i r  a i r c r a f t  w i l l  be  purchased. 
l i n e s  are not  w i l l i n g  t o  o rde r  a l a r g e  number Qf  a i r c r a f t  when they are  
not  s u r e  t h a t  t h e  quak i ty  of t h e  r i d e  and t h e . t y p e  of s e r v i c e  t h g t  
r e s u l t s  w i l l  be  accep tab le  t o  t h e  publ ic .  
problem, local governments are unwi l l ing  t o  se t  a s i d e  land i n  a 
The b igges t  problem fac ing  V/STOL 
On t h e  o t h e r  hand, commercial a i r -  
To f u r t h e r  complicate  t h e  
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downtown area t o  e s t a b l i s h  a s t o l p o r t  u n t i l  they a re  s u r e  t h a t  t h e  
s e r v i c e  w i l l  be  accep tab le  based on s a f e t y  and no i se  cons ide ra t ions .  
Thus, a v i c i o u s  c i r c l e  exists t h a t  w i l l  r e q u i r e  some form of government 
i n t e r v e n t i o n  t o  break. This  i s  not  t o  say  t h e  government w i l l  become 
involved i n  V/STOL as it  i s  i n  t h e  supersonic  t r a n s p o r t  program, bu t  
t h a t  some form of government encouragement and d i r e c t i o n  must be app l i ed ,  
I n  prepar ing  t h i s  r e p o r t  it has been assumed t h a t  t h e  government 
w i l l  encourage i t s  development and t h a t  V/STOL s e r v i c e  w i l l  come i q t o  
being f n  t h e  fol lowing manner. By 1975 l imi t ed  STOL s e r v i c e  w i l l  ex is t  
i n  the  no r theas t  c o r r i d o r .  This  w i l l  c o n s i s t  of s m a l l ,  60 passenger o r  
less,  a i r c r a f t  ope ra t ing  from s e p a r a t e  2000-foot runways a t  e x i s t i n g  
a i r p o r t s  and some temporary l o c a t i o n s  i n  o r  near  downtown areas, The 
a i r c r a f t  used might be e i c h e r  t h e  DeHavilland Twin O t t e r  o r  Buffa lo ,  
t h e  Brigade 941, o r  poss ib ly  a t i l t - w i n g  turbo  prop v e h i c l e ,  While a l l  
of t hese  v e h i c l e s  l eave  something t o  be des i r ed  i n  t h e  a r e a  of r i d e  
q u a l i t y ,  i t  appears  t h a t  they  can  be made accep tab le  long before  t h e  
noise  problems a s soc ia t ed  wi th  j e t  engine STOL v e h i c l e s  w i l l  be over- 
come. This  s e r v i c e  w i l l  p r imar i ly  be intended f o r  VFR condi t ions  s i n c e  
t h e  ATC equipment necessary l o r  STOL IFR landings  w i l l  not have been 
i n s t a l l e d ,  It is  a l s o  h igh ly  l i k e l y  t h a t  dur ing  t h i s  f i r s t  phase of  
STOL s e r v i c e  t h e  a i r l i n e s  w i l l  l o s e  money and r e q u i r e  some form of  
government subsidy.  
During t h e  per iod 1975-1985 STOL s e r v i c e  w i l l  con t inua l ly  inc rease  
and VTOL a i r c r a f t  w i l l  be introduced.  The j e t  f l a p  o r  fan-in-wing 
v e h i c l e  w i th  90 t o  120 passenger capac i ty  w i l l  become ope ra t iona l ,  
Local governments w i l l  begin planning and cons t ruc t ing  downtown, roof-  
top  s t o l p o r t s  and t h e  necessary IFR equipment w i l l  be i n s t a l l e d ,  
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Once t h e s e  downtown f a c i l i t i e s  are complete, and V/STOL a i r c r a f t  
o b t a i n  a n  a l l -weather  c a p a b i l i t y ,  t h e  s e r v i c e  w i l l  grow i n  p o p u l a r i t y  
u n t i l  by 2000 it w i l l  c a r r y  80 t o  90% of a l l  a i r  t r a f f i c  under 500 m i l e s  
w i t h i n  t h e  n o r t h e a s t  c o r r i d o r ,  I n  less d e n s i l y  populated areas i t s  
impact w i l l  no t  be as g r e a t  and o p e r a t i o n s  w i l l  probably be l i m i t e d  t o  
s e p a r a t e  runways a t  e x i s t i n g  a i r p o r t s .  
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APPENDIX B 
ATLANTA ARRIVALS AND DEPARTURES 
I n  o r d e r  t o  provide some r ea l i s t i c  d a t a  t o  use as inpu t  t o  t h e  
s i m u l a t i o n  model program, i t  was decided t o  o b t a i n  present-day hour ly  
a r r i v a l s  and d e p a r t u r e s  a t  a p a r t i c u l a r  a i r p o r t .  
day d a t a ,  some p r o j e c t i o n  o f  f u t u r e  opera t ions  was d e s i r e d  t o  s tudy t h e  
e f f e c t s  of changes i n  a i r  t r a f f i c  c o n t r o l  procedures and equipment. 
Thus t h e  fol lowing d a t a  were compiled f o r  t h e  A t l a n t a  a i r p o r t .  (Atlanta  
w a s  s e l e c t e d  because t h e  d a t a  on hour ly  o p e r a t i o n s  w a s  r e a d i l y  a v a i l a b l e ) .  
I n  a d d i t i o n  t o  present  
Present  Day Operat ions 
Through t h e  coopera t ion  o f  M r .  Lester Shipp, Tower Supervisor  f o r  
A t l a n t a ,  d a t a  an hour ly  a r r i v a l s  and depar tures  a t  t h e  A t l a n t a  a i r p o r t  
on J u l y  9, 1970, and average hour ly  opera t ions  f o r  February,  June, J u l y ,  
and August 1969 and May 1970, were obta ined .  
The J u l y  9,  1970, data  were used f o r  present-day inpu t .  The t o t a l  
f i g u r e s  were broken down i n t o  t h e  seven composite c a t e g o r i e s  l i s t e d  i n  
Chapter I1 by applying t h e  fol lowing percentages:  
Category I and I1 0% 
Category 111 1.3% 
Category I V  42.7% 
Category V 56,0% 
Category V I  0% 
Category V I 1  0% 
For genera l  a v i a t i o n  t h e  a c t u a l  numbers were used s i n c e  t h e s e  are  recorded 
s e p a r a t e l y  from commercial. The o t h e r  percentages were obtained us ing  
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s ta t i s t ies  from t h e  CAB'S Handbook of A i r l i n e  S t a t i s t i c s ,  1969 Edition.. 
This  book l i s t s  t h e  percent  of  revenue passenger m i l e s  by a i r e r a f t  type.  
Eaeh of t h e  a i r e r a f t  types  used by t h e  CAB was placed i n  one of t h e  
above c a t e g o r i e s  and t h e  percentages summed, Categor ies  VI and V I 1  are  
zero  s i n c e  they r e p r e s e n t  t h e  747 je t  and SST. 
breakdown are  shown i n  Table B . 1 .  
The r e s u l t s  of t h i s  
Operat ions f o r  t h e  Year 2000 
The hour ly  a r r iva ls  and depa r tu re s  f o r  t h e  yea r  2000 were obta ined  
us ing  t h e  a i r c r a f t  types and c h a r a c t e r i s t i c s  from Table 2 .7 ,  t h e  
enplanement p r o j e c t i o n  from Figure  2 .1 ,  and t h e  percentage of enplane- 
ments by t r i p  l eng th  from Table 2 .8 .  The d a i l y  enplanements a t  Atlanta. 
were obta ined  by d iv id ing  t o t a l  enplanements by 365 and mul t ip ly ing  
t h e  r e s u l t  by 0.046. 
percentage of t o t a l  enplanements f o r  :he yea r s  1965, 1967, and 1968 @'AJ 
S t a t i s t i c a l  Handbook of Avia t ion ,  1966, 1968, 1969) and assuming t h i s  
will remain cons t an t ,  
t h e  total depa r tu re s  pe r  day by t r i p  length  were obta ined  (see Table 
B . 2 ) .  To break t h i s  down i n t o  hour ly  depar tures  and a r r i v a l s ,  assuming 
%he t o t a l  number of a r r i v a l s  equals  depa r tu re s ,  p r o f i l e s  of hour ly  
This  l a s t  number was obta ined  by averaging  A t l a n t a ' s  
Then us ing  t h e  procedure descr ibed  in Chapter IS9 
a r r i v a l s  and depa r tu re s  were p ro jec t ed  by us ing  p resen t  day p r o f i l e s ,  
obtained from t h e  d a t a  provided by M r .  Shipp, and assuming t h a t  steps 
w i l l  be taken t o  e l imina te  peaks. The r e s u l t s  are shown in Figures  B , E  
and B.2. F igure  B . 3  shows a p r o j e c t i o n  f o r  cargo a r r i v a l s  and depa r tu re s  
f o r  the yea r  20 0. S ince  t h e r e  were no p resen t  day da ta  t o  work wi th ,  
t h i s  p r o j e c t i o n  w a s  somewhat a r b i t r a r y  but  r e f l e c t s  t h e  b e l i e f  t h a t  t h e  
ma jo r i ty  of  cargo ope ra t ions  w i l l  be dur ing  t h e  e a r l y  qornizJlg hours 
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t 
when passenger demand i s  low. By apply ing  t h e s e  hour ly  percentages t o  
t o t a l  depa r tu re s  and a r r i v a l s ,  t he  p ro jec t ed  ope ra t ions  f o r  A t l an ta ,  
as shown i n  Table B . 3 ,  were obta ined .  
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TABLE B . l  
HOURLY ARRIVALS AND DEPARTURES AT ATLANTA 
FOR JULY 9,  1970 BY CATEGORY 
~~ Category - .  
Hour I s: I1 " I11 TV V 
Tri ' "  out ' In Out ' ' ' In Out " 1 n "Out ' 
0 -1 3 1  0 0  4 6  8 1 2  
1 2  4 3  0 0  4 2  8 5 
2 3  7 5 0 0  2 1 5 2 
3 4  1 2  1 0  3 2  7 5 
4 5  1 1 0 0  1 3  1 7 
5 6  0 0  1 0  7 2  14 4 
6 7  1 0  0 1 0 11 0 22 
7 8  2 . 1  0 0  1 5  3 11 
8 9  5 3  1 0  8 3  17 7 
9 10 7 8 1 0 1 5  5 32 11 
24 28 10 11 3 4  1 1 12 1 3  
22 32 11 1 2  6 4  1 1 10 1 5  
12  13 2 6 0 1 2 1 2  5 26 
13 14 1 .4 1 0  8 4  17 9 
14 15 2 5 1 1 11 8 24 17 
15 16 3 9 1 1 8 10 18 22 
16 17 4 4  1 1 7 8 14 1 8  
17 1 8  7 6 1 1 15 8 32 17 
1 8  1 9  6 7  0 1 4 13  9 28 
19 20 3 0  1 0  1 6  6 34 1 2  
20 2 1  1 1 0 1 5 12  10 24 
2 1  22 2 2 0 1 6 10 12  22 
22 23 4 0  0 0  6 5 12  10 
23 24 3 0  1 0  10 1 22 3 
' I  ' ' 
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TABLE B . 2  
DAILY DEPARTURES BY TRIP LENGTH 




















' 92,280 39 , 120 
162 325 
563 120 
6,170 43,190 12,340 
135 260 300 
46 166 41 
TOTAL DEP 609 
3,120 24,960 3,120 
195 300 210 
1 6  83 1 5  
302 
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15 840 10 560 
400 300 






HOURLY OPQRATIONS AT ATLANTA I N  2000 
_.. -_ 
Cargo 
Short Haul Med. Haul 747 Jumbo Gen Avia 
I n  Out 
Hour 
I n  Out In  Out I n  Out I n  Out 
0 - 1  
1 - 2  
2 - 3  
3 - 4  
4 - 5  
5 7 6  
6 - 7  
7 - 8  



































































0 0  
0 0  
0 0  
0 0  
0 0 
0 0  
0 0  
0 0  
0 0 
0 0 
0 0  
0 0  




0 0  
0 0 
0 0  
0 0  
0 0 
8 8 7  7 
8 8 7  7 
8 8 7  7 
8 8 7 7 
8 8 7  7 
8 8 7  7 
8 8 7  7 
8 8 7  7 
8 8 7  7 
3 3 3  3 
3 3 3  3 
3 3 3  3 
3 3 3  3 
3 3 3  3 
3 3 3 3 
3 3 3  3 
3 3 3  3 
3 3 3  3 
3 3 2 2  
3 3 2 2 
5 5 5 5 
5 5 5 5 
5 .  5 5 5 
6 6 5  5 
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TABLE B,3 - (CONCLUDED) 
Passenger 
S.B.J. T O S O T O  S O S O T O  
In Out In oat. In Out 
V/STOL 
In Out _. H w r  
0 - 1  
3 2 - 2  
2 - 3  
3 - 4  
4 - 5  
5 . -  6 
6 - 7  
7 - 8  





















15  18 


















8 8 4 4 
B ;8 4 4 
8 8 4 4 
8 8 4 4 
8 8 4 4 
8 9 4 5 
8 9 4 5 
8 9 4 5 
16 9 9 5 
16 17 9 9 
1 6  17 9 9 
16 17 9 9 
14 17 8 9 
14 17 7 9 
14 15 7 8 
14 15 8 8 
16 15 9 8 
16 15 9 8 
1 6  15 9 8 
16 15 9 8 
14 13 7 8 
14 13 7 8 
14 13 7 8 
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F igu re  B.l Percen t  of t o t a l .  departures by hour. 
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F igure  B . 2  Precent of t o t a l  a r r i v a l s  by hour. 
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Figure B.3 Percentage of cargo arrivals and depar tures  by hour 
APPENDIX C 
AIRCRAFT PERFORMANCE CHARACTERISTICS 
A i r c r a f t  Stopping Performance 
Minimum runway occupance t i m e  is t h e  time from touchdown u n t i l  
t u r n o f f ,  assuming maximum d e c e l e r a t i o n  performance and i d e a l  e x i t  
l o c a t i o n .  
Given t h e  fol lowing a i r c r a f t  performance c h a r a c t e r i s t i c s :  
V1 = Landing speed 
a = Decelera t ion  
V2 = Turnoff speed 
minimum runway occupance t i m e  ( t m _ a . )  and the  t o t a l  runway occupancy 
l i m i t  (Tal can be determined. 
VI - v2 
a Tmin 




The above performance c h a r a c t e r i s t i c s  (Vl, V2, a)  a l s o  permit t h e  
d i s t a n c e  t o  t h e  i d e a l  e x i t  t o  be determined. This  i s  done by the  fol lowing 
equat ion  
Aircraft-Runway Subsystem Capaci ty  
For each approach/ landing speed, VI, a t o t a l  runway occupancy t ime,  
Ta is determined. 
average of  occupancy t i m e s  over t h e  percentage d i s t r i b u t i o n  of  a i r c r a f t  
performance c a t e g o r i e s  i n  t h e  t r a f f i c .  
Mean runway occupancy t i m e  i s  computed us ing  a weighted 
Landing capac i ty  v s ,  approach/ landing speed is  determined us ing  
t o t a l  runway occupancy t ime ins t ead  of mean runway occupancy time., To ta l  
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runway occupancy t i m e  is determined f o r  s e l e c t e d  va lues  o f  t u rno f f  
speed and dece le ra t ion .  
Approach/Runway System Landing Performance 
System landing c a p a c i t y  is one of t h e  most v i t a l  te rmina l  area 
parameters.  It i s  determined by a combination of approach s e p a r a t i o n  
capac i ty ,  i n t e r a r r i v a l  t i m e  capac i ty  and approach/landing speed capac i ty  
v s .  approach/ landing speed. 
The r e s u l t s  and r e l a t i o n s h i p s  descr ibed  i n  t h i s  appendix are  
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2 DECELERATION, F t .  /See. 
INTERARRIVAL TIME 
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Figure  C.  r : Approach/Runway System LRnding PerformRnce,’ 0 Knot Turnoff Speed 
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Figure C e 8: Approach/Runway System Landing Perf omance, 
8 ft. /sec. 2 Deceleration 
APPENDIX D 
SEPARATION PROGRAM 
A computer program w a s  w r i t t e n  t o  s imula te  a i r p l a n e s  i n  t h e  f i n a l  
approach phase. The purpose of t h e  program w a s  t o  c a l c u l a t e  t h e  minimum 
la te ra l  s e p a r a t i o n  and t h e  minimum v e r t i c a l  s e p a r a t i o n  experienced by 
a i r p l a n e s  dur ing  t h e  f i n a l  approach phase,  The a i r p l a n e s  were flown 
on cons t an t  r ad ius  curves  as d iscussed  i n  s e c t i o n  3 , 4 .  A f lowchart  of 
t h e  program i s  shown i n  F igure  D.1, 
The program randomly selects a n  a i r p l a n e  according t o  t h e  s t a t i s t i c s  
from t h e  d i s t r i b u t i o n  i n  Table 3 . 4 .  The f i n a l  approach g a t e  i s  s e l e c t e d  
accord ing  t o  t h e  o t h e r  a i r p l a n e s  i n  t h e  system and according t o  the  
e n t e r i n g  s e c t o r  shown i n  F igure  3 - 3 0 ,  The t i m e  a t  t h e  marker and t h e  
t i m e  a t  landing is c a l c u l a t e d  f o r  each a i r p l a n e  based on a f o r t y  
second landing i n t e r v a l .  The p o s i t i o n  of each a i r p l a n e  i n  t h e  system 
a t  t h e  c u r r e n t  t i m e  i s  c a l c u l a t e d ,  The l a t e r a l  and v e r t i c a l  s epa ra t ions  
of each a i r p l a n e  i n  t h e  system i s  c a l c u l a t e d ;  and, i f  t h e  minimums are 
exceeded, a warning i s  p r in t ed  o u t ,  The c o l l i s i o n  avoidance area is  
c a l c u l a t e d ,  and, i f  t h i s  area is  crossed ,  a warning is  p r i n t e d  o u t .  
A l l  t h e  a i r p l a n e s  are  advanced by one t i m e  increment,  and the  process  
i s  repea ted ,  
The program w a s  used on 1000 randomly s e l e c t e d  a i r c r a f t  and none 
of  t h e  s e p a r a t i o n  minimums were exceeded. Sinee t h e  program only  
p r i n t s  o u t  warnings i f  t h e  minimums are  v i o l a t e d ,  t h e r e  i s  no example 
ou tpu t ,  wi th  t h e  except ion  of  t h e  sen tences  "number of s e p a r a t i o n  




Figure D . 1  Separation program flowchart 
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APPENDIX E 
DEFINITION OF NON-GASP VARIABLES USED I N  THE TERMINAL AREA SIMULATION 
VARIABLE 
Arrays: 
ACINSY ( ) 
PRBCAT ( ) 
DESCRIPTION PROGRAM LOCATION 
Number of A / C  i n  system by MAIN,  ARRVL, MERGE, 
A/C ca tegory  EVNTS, DEPQUE, APPRCH 
Stored de lay  t i m e s  APPRCH 
Time  A/C can leave  queue M A I N ,  ARRVL, MERGE, 
EVNTS, DEPQUE, APPRCH 
A s t o r a g e  a r r a y  f o r  A/C same a s  above 
parameters as a func t ion  
o f  A/C ca tegory  ( r e fe rence  
Sec t ion  4 , 4 )  
Comulative p r o b a b i l i t i e s  of I 1  1 1  
A/C a r r i v a l s  by hour of day 
SimDle Var iab les !  
Mean a r r i v a l  rates by hour I f  1 1  
of day f o r  all approach 
c o r r i d o r s  and A/C ca tegory  
Note: A/C=KCOL i n d i c a t e s  A/C whose a t t r i b u t e s  a re  contained i n  KCOL. 
ACCSP1 Accept ib le  spacing a t  merge MERGE 
ACCSP2 Accept ib le  spacing a t  touchdown 




Flag  used wi th  log ic  3 t o  APPRCH 
a s s u r e  t h a t  t h e  f l i g h t  t i m e  
o f  t h e  D-A/C i s  reduced by 
10% only  once 
To ta l  time delayed i n  queue DEPQUE, APPRCH, MERGE 
o r  a t  takeoff  
F l i g h t  de lay  necessary f o r  APPRCH 
t h e  D-A/C t o  fol low t h e  A- 





DEMYT P l i g h t  de lay  necessary f o r  
t h e  D-A/C to fol low t h e  A- 
A/C a t  touchdown 
DELMAX MAIN, DEPQUE Max. al lowable de lay  i n  
p r i o r i t y  scheme f o r  depa r t -  
ing  queues 
To ta l  no. of A/C t h a t  have 
a r r i v e d  i n  a day 
DEMAND 
DEW 
MAIN,  ARRVL, EVNTS 
APPRCH Dif ference  i n  merge t imes of  
t h e  P-A/C and D-A/C minus t h e  
necessary t i m e  s e p a r a t i o n  
DLYT Dif fe rence  i n  touchdown times 
of  t h e  P-A/C and D-A/c  minus 






Clock t i m e  t o  merge p lus  
s e p a r a t i o n  f o r  A/C=KCOL; 
used wi th  l o g i c  1 only  
Clock t ime t o  touchdown 
p lus  s e p a r a t i o n  f o r  A/C=KCOL; 
used wi th  l o g i c  1 only  
DUM3 APPRCH Clock t i m e  t o  touchdown 
p lus  r o l l o u t  f o r  A/C=KCOL; 
used wi th  l o g l c  1 only  
Queue leave-t ime e r r o r  a f t e r  




Queue leave-time e r r o r  when 
a n  A/C is held 
Dif fe rence  in touchdown o r  
merge t i m e s  between t h e  D-A/C 
o r  i%-A.lc 
I n f l i g h t  de lay  p red ic t ed  
a t  t i m e  of depa r t ing  queue 
DEPQUE APPRCH 
APPRCH Separat ism c o n s t r a i n t  f o r  
t h e  D-A/C fol lowing t h e  
A-AIc at merge 
FLYTD Separa t lon  c o n s t r a i n t  f o r  
the  D-A/Gr fol lowing t h e  


















Holding c o n s t r a i n t  f o r  
a r r i v a l  A/C t o  fol low A/C= 
KCOL a t  merge; used wi th  
l o g i c  1 only  
Holding c o n s t r a i n t  f o r  a r r i -  
va l  A/C t o  fol low A/C=KCOL 
a t  touchdown; used wi th  l o g i c  
1 only  
Hold t i m e  necessary t o  f i t  
d e c i s i o n  A/C behind approach 
l o g i c s  2 and 3 
a t  merge; used i n  
Hold t i m e  necessary t o  f i t  
d e c i s i o n  A / C  behind approach 
A/C a t  touchdown; used i n  
l o g i c s  2 and 3 
Addi t iona l  de lay  t o  A / C  i n  
queue before  d e p a r t i n g  queue 
A f l a g  used i n  l o g i c  3 t o  
a l low t h e  a r r iva l  A/C t o  pro- 
ceed t h e  encounter de lay  
equal  t o  FLYDLY whi le  on 
approach 
Category of A / C  
Category o f  t h e  successor  
(equal $0 A-A/C) t o  t h e  
P-A/C; used i n  l o g i c s  2 
and 3 
Category o f  t h e  a r r iva l  o r  
d e c i s i o n  A / C  (equal t o  D-A/C) ; 
used i n  l o g i c s  2 and 3 
Category a t  least  A/C (equal 
t o  P-A/C) which t h e  D-A/C 
can pass before  merge; used 
w i t h  l o g i c s  2 and 3 
Category of A/C waved o f f  
C a t e go r y o f A /C =KC OL 
Category o f  a r r iva l  A / C  






DEPQUE , APPRCH, MERGE 










PROGRAM LOCATION VARIABLE DE SCRIPT I O N  
KCOL Column of NSET i n  which the  
a t t r i b u t e s  of A/C a re  s to red  
ARRVL , DEPQUE 
APPRCH, MERGE 
KH Hours per  day t o  be simu- 
l a t e d  
MAIN 
L a s t  day t o  be s imulated M A I N ,  EVENTS LRAY 
LELAG Sequencing v a r i a b l e -  
LFLAG=O, f i r s t - i n - f i r s t  
ou t  of queue en t rance ;  
LELAG=l, p r i o r i t y  en t rance  
MAIN, DEPQUE, EVENTS, 
ARRVL 
Approach sequence l o g i c  
code: 
LOGIC 1: No pass ing ,  FIFO 
LOGIC 2: Passing,  no de lay  
LOGIC 3: Passing,  min. 
f o r  approach A/C 
de lay  a lgor i thm 
MAIN,  DEPQUE, EVENTS, 
APPRCH 
LOGIC 
MAXCOL A column of NSET i n  which 
t h e  a t t r i b u t e s  of t h e  
A/C wi th  t h e  h ighes t  p r i o r i t y  
i s  s to red .  (NSET i s  a GASP 
a r r a y  name) 
DEPQUE 
NADJMG MERGE Adjustmenh t o  merge t i m e ;  
used t o  cons ider  system 
e r r o r s  
No: of approach c o r r i d o r s  MA I N  
M A I N ,  EVNTS, ARRVL 
NBRCRD 
NCAT No. of  A/C.aa tegor ies  i n :  
t h e  s imulat  ion  
NCHRCT No., o f  parameters f o r  each 
A/C ca tegory  
MAIN 
MAIN,  ARRVL, DEPQUE, 
EVNTS, BEPQUE, APPRCH 
NHR No, of minutes p e r  day t o  
s imula t e  
Current  hour of day being 
s imulated 
ARRVL, mRGE, EVNTS, 
DEPQUE APPRCH 
NHDY 
No. of s t a c k s  i n  system MAIN,  DEPQUE NSTACK 
PRIMAX Max, p r i o r i t y  f o r  a n  A/C 
i n  queue 
MAIN,  EVNTS, ARRVZ 
REPQUE APPRCH MERGE 
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VARIABLE DESCRIPTION PROGRAM LOCATION 
MAIN Used i n  random number gener- 
a t i o n  f o r  a r r i v a l  rates, 
waveoffs,  and A/C ca tegory ,  




SEPACT Actua l  s e p a r a t i o n  a t  touch- 
down o r  merge between P-A/C 
and D-A/C 
APPRCH 
SEPMG Necessary s e p a r a t i o n  a t  merge 
between t h e  P-A/C and A-A/B 





Dif ference  a t  touchdown be- 
tween t h e  P-A/C and D-A/C 
APPRCH 
APPRCH Necessary sepa ra t ion  a t  
toucbdown between P-A/C 
and A-A/C f o r  t h e  D-A/C 
t o  f i t  between 
SPACE 1 Worki2g v a r i a b l e s  t o  cal-  
c u l a t e  s e p a r a t i o n  between 




T i m e  A/C touches down MERGE 
APPRCH Clock t i m e  t o  merge f o r  
a r r i v a l  A/C 
TEST2 Clock t i m e  t o  touchdown 
f o r  a r r i v a l  A/C 
APPRCH 
T i m e  of  las t  touchdown TLSTTD MAIN, MERGE, EVENTS 
MERGE TOTTME,' To ta l  A/C t i m e  i n  t h e  
system 
WAVEOFF Random number used t o  
determine whether a n  A/C 






P r i o r i t y  ranking m u l t i  
p l i e r s  
MAIN,  DEPQUE 
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APPENDIX F 
A i r  Terminal Operat ions Model-Program and Actual  Input  Data 
(Processor used: CDC 6600) 
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i a 
00 00 0 5 
















0 0 0 0 3 3  
000047 
000!l.'th 

















i c *  e * * 9 ax * * ** * * * * 90 * * * *x * * ** * * * * * * *I * * * * * xc * * 9 ** * * * 
















nnoi I R 
R 
--- CHANGF FllH TWfl K l J V d A Y S  
1 5  
1 7  
16 




0 0 0 3 h 7  
JCAT=FLflAT I NSFT (3rKCOL) ) / S C A L E +  e0001 
, A T H l H ( S I = F L [ l A T ( N S F T ( S ~ ~ C G L ) ) / S G A I E  
CAI I F f L F N (  I Q e N S F T )  
RF TllHN 
r. 
c BB*+48 * * * ** * ** **** * * ** 44 0 ** * 4 * 4 ***a 4** r): 88 ** ** * * * 
t 
C OlJFllF FHPTY CHFCK DFPART QUEUE T I M E  
3 0  A T K I R I S ) = T N I I W  
C A I  I n F P Q I J F I l O q N S F T )  I 
I IFlJtHFCK.LT,lOI RFTURN 
TT.HFC.K=O 













6 0 0 7 1  5 
17 P H I 7 = X K 1 * D F L A Y + X K 7 * F t U A T ~ h S E T 1 2 ~ K C O L ) ~ / S C A L E + X K 3 ~ F I 7 A T l N Q ~ J + 4 ) ~  
IF1 I.Fi3.1 1 P R I L = P R I 7  . .  
I F I P K 1 7 - P I < I I  14.515 
5 PIC I MAX I .I  = P It I 7 
MCfl l  I J 1 =KCfll 
4 K C l l l  =NSFTIMX.KCQLI 
7 C I l N T l N l l F  
I F l . I , F c J . l  1 P R I O T Y = P H I M A X (  1) 
H P e l  nT Y= PR 1 PAX f ,I I 
MAXCf l l  =MCflL ( . I )  
1(3=.1+4 
1 Cflhl IN IJF  
I F l P R l n T Y - P R I M A X I J ) )  8 r B r l  . 
I F I A T K I R I h ) . C T ~ 0 , 0 0 ~ 0 1 1  G O  T U  1 5  
1 F t PR I l l T Y  .L T, . O 0 1 J  
GI1 Tn 1 1  
R ETlJRN 
15 Pt< l A R V = X K 4 * A T K l H I 7 )  
r w i  AT.= 1 
I E (PHI ARV-PR I n T Y  ) 9 r 9 r  20 
T G f N O f  lO).GT.O) RFTORN 
l C H F C K =  1 0 
HFTi11?r\l 
9 I O = A T H l H l h l + , 0 0 0 1  
1 I K C l l l  =:4AXCflL 
3 C A I  1 RMnVF(KCn1 rlOiNSET) 
m i  rn 713 
IO I f I A T H I H l h ~ ~ 6 ~ . 0 . 0 0 0 1 )  GO TU 20 
A / C  W A I T F O  
C A l  I RMT VF f M F F (  101 e l Q t  NSET 
NSWI  T = 1  
ATRrt!  NllW C O N T A I N S  SAMF INFO FOR BOTH CASFS 
T F F T  T n  S F F  I F  A /C  CAN I I E P A K T  
FYFTFM FHKIlR’; I N  O l IF l IF  
70 C f l N T I N t I F  
M ’ - l = A T R I R f 7 1 + 7 ~ 0 0 0 1  
NN=MM-7 
FRHI  V=Rhf lRMfMM) 
FRRHO=ARSf RNI)KMINN) 1 
NNN=ATII  V R ( 7  )+l 5.001 





6 A / C  
70 
7 1  
80 
C 
C A / C  
c OFC 
7 0 1 
2 no 
7 0 3  
C A N  D F I ’ A R T q  R K I N G  A / Z  UCkfN ONE 
S I O N  A / C  IN A T K l R  A R R A Y ,  OEPAQ 
F I  YDl Y = D T L V U I 7 )  
c.n 1n 7 0 3  
F I  Y I )1  Y = O , 0  
1 CHFC K= 0 























nnni 7 3  
000764  
no0771 
Tr 0 0 7 7 h 
0007 74 
eon/+ ? 7 
00 f )  5 n : 
no n 5 I 1 
o n 0 5  7 7  
nn o A n tl 
OIIOh7 R 






3 0  
1 o HOl .r )T?  e t i f l l  O T Y  9 TF C r 1 o T E S T  2 
C 
c 







nno 17  7 
f! 0 i17 7 f! 































l O F N T  K A M K  
PROGRAM LENGTH 
BLOCKS 
P K O G R A # +  L O C A L  
E N T R Y  P O I N T S  
GOOOCl H A N K  
FNYRY RANK 
4 VFI? 4 7 / O Y k A k K e  18/  1 
K A h K  U A T A  0 
SA? tl ANN11 
S A 1  9 1  
H X h  X 7  
7 K  X 1 e RAPJDilM 
NX(1 113 e X b  
N G  
SH7 -6OO 
P X b  HlrYl 
M X 7  4 1-4 
CI x 0 - X ? + X b  
S A 6  A 7  
ZP, 1%0 9 I t A M K  
, X 1 e R4NK 
R A N O C M  5 A l  l ? A R % I  T 
DXh X 1 * X 7  
SAh A ?  
N X h  H O e X h  
7 K  H 0 e It ANK 
IIE L FOLJ * + 1 + 1  
RPNNU D A T A  1 7 17 17 74.37 147741 31551) 
R A h M L T 7 C 000 00 0 00 OO 50 5 5 3 6 4 5 R T) A T A 
F r m  
000013 
0 0 0 0 0 0  0000 13  
I O E N T  RANI. 
P R O G R A Y  L F N S J H  
t3 L cc KS 
PPOL1<AM* I O C A L  
El\ iTKY P L l l N T C  
0001;Cl RANL 
FNTRY R A N I  
+ VF D 47/0t iKANL e 1 !3/ 1 
RANL I I A T A  
S A ?  
5A 1 
7 r l  
I: 7 
s 37 
I1 x 6, 
l J X h  
P Xh 
Y X ?  
R xr,  
S A 5  
7 I< 
PANDCM S A 1  




0 8 / 1 7 / 7 0  1 
ooon 1 7  
015535 
IDENT R A N M  
? R O G R A q  LENGTH 
BLOCKS 
P K o G 11 A :d * L. or, A L 
E h T K Y  P C I N T S  
O C O O O l  AANM 
F N T R Y  K A N M  
+ V F I I  47/nYRAN:.l, 1 tl/ 1 
KANM O A T A  0 
S A ?  4 A N N 0  
S A 1  n 1  
13x6 X ?  
7 d  I X l  -1JA.dOiIf4 
NX h Hr-).Xh 
NG x 1 tt A '4 rd 
st37 -60.3 
P X h  ! I ? r X l  
M X ?  5 9 
H X h  - X ? + X h  
5 A 0 A ?  
7 x  
R A N O C M  F A !  K 1 h M L T  
nxh X l * X ?  
F A A  A 7  
NYh I300 Y h  
7 K  f3 0 e H A N M  
BO 9 8 A N 9  
R E L  F ~ J U  4 * 1 + 1  
RAluNO 
H A hML T 
D A T A  
DAT A 
FNT) 
I 7 17 177437 1477 4 13 1 5  5 8 
3 ( I  0 0 0  t>O 0 30 0 0 00 55 3 b 4 5 I3 





r INPUT DATA 
6 7 1 9  1 
31 e 55 * 4 0 0  39. 10. 27 e 38 . 
I .99 
1 . 4 9  
1-36 
I .?n 
1 r 0 4  
1 6 0 1  
1 .I2 
2.4 
1 a 3  
: e 6 5  
1.31  
1 e 1 6  
. q 2  
L H7 
. A 5  
5. 
7.  
3 0  
6. 
2. 
1 .  











1 r 3 6  
1.20 
' 1-04 
1 e 0 1  
1 e 0 4  
2.3 
1 e o  
.45 
1 0 3 1  
1 - 1 6  
e 95 
1 a 6 5  
1 e 0 4  
* E37 
* 8 5  








0 e  
0. 
0. 
Q .  
1.95 
1.49 








1 e 3 1  
.95 
1 a 6 5  
1 .16  





l a  
1.  
1 .  
1 .  
1 .  
1 .  
1 .  
1 .  
1. 
l e  
1 5171970 5 
1 4  10 30 13 200 7 
2R 20 2A 28  28 28 
1 I 3 3 I 1 
I 2 2  1 1 
n e @  - e 8  .A  
.n -.7 .7  
.o - .5 .5 
1 . 9 5  
1 .49  
1.36 
1.20 
1 e 0 4  
1.01 





1 e 3 1  
0 95 


















I m 3 6  
1 . 2 0  
1-04  





I e 6 5  
1 e 3 1  
1.16 
1 b 0 4  
e 92 
e 8 7  
-05 










1 4 .  
32. 
1'7 30 1000.0 
28 28 28 20 
I .l 1 1 
I I I 1 
e 36 
35 
e 2  
30 a 26 0 55 e 
I .Yt, 
1 4 4 9  















1 -16  
e 92 
1 e Y b  
1 049 
1 a 3 6  
1.20 







1 . 3 1  
1 e 1 6  
1.04 
* 9 2  
0 87 
85 













1 e 2  0.5 
1 . 1  0.5 
1 eo 0.5 
1.0 0.5 
1 .O 0 . 5  
0 1 0 
- 1  
1 0.0 




0 1 0 






0 1 0 
- 1  
I 0 .O 
1 Fie 
1 ' 600r 
I 600. 
0 
0 1 0 






0 1 0 













b 4  
2.a 
























m 1 8  
015 




0.50 . e o 5 0  
0.56 
0 e 5 0  
0 050 
2000 * 0 
2'000.0 
2000 e 0 
2000 a c 






I 600. 1 3 6  
0 
S E P = l  .S 
C SUBROUTINE OTPUT PRINTOUT FOR 1.5 M I L E  SEPARATI  




o 6 0  
.si? 
5 0  
.48  
5 6  
2.4 















* 4 8  
* 52 
e 5 2  
?.3 
































* a 6 0  
52 






e A 2  
















0 0 7  
.57 
.82 













b 5  
r4R 
0 3 8  
19.82 
0.7 
a 6 1  
.82 
a 6 6  
0?8 
* 52 










0 4 8  
e 36 
19.0.8 










C M A I N  PROGRAH I N I T I A L I Z A T l O N  FOR 2 RUNWAYS W I T H  6 QUEUES 
C SUBROUTINE ARRVL QUEUE ASSIGNMENT FOR A / C  CAT 1 ' A N D  2 ON 2 RUNWAYS 
NSTACK = 6 
l Q = 8  
NSTR 1 P = 2 
C SUnROUTINE OTPUT P R I N T O U T  FOR 2 RUNWAYS 
APPENDIX G 
GASP Simulat ion Language (Version Used i n  Simulation) 






no n 4 o 4 
00 0 4 0 h 
000477  
(10047 7 
0004 4 5 
0 i )n43 '? 








0 0 0 0 0 5  
110000 5 
0 0 0 0 0 5  
000047 
0 0 0 0 4 4  
000051 
0 0 0 0 5 5  
F l L N  10 
O I M F N S l r N  N S F T ( 1 3 o 1 1  F I L M  2 0  
CflMMnN I n ,  I M e  IN T T I  J FWNT 9 J M N I  T r  MF b r M S T O P e M X +  MXC. NCLC T r  E J t i I  SY P F I L M  30 
F:LM 40 
F I L ' 4  50 
F I L '4 6 0 
I M A X N Q I  1 0 0 l r M F F l  1 0 0 ) r M L C L 1 0 0 ) r M L E ( l 0 O ) . N C F I  F l l O I e N J f  1 0 0 ) o P A R A P ( 4 C p 4 F  ILM 7 0  
7 F I L H H 0 
F I L f r l  Y O  
I f  I M F Q  - YII 1 7 . 2 9 3  F It).( 100 
1 WRiTF f h P R N T . 4 )  F I L M  110 
F I L M  LLO 4 F i l K N A T  f//74H l l V F H l  A P  SET G I V E N  R F I  l l W / )  
I o n  C A I 1  F I J G f l R  I R 7 e N S F T t  F I L M  1 3 0  
C*p***PClr ATTHIRIJTF V A I t J F 5  I N  F I L E  F I L M  140 
3 n n  1 I = ~ @ I M  F I L A  150 
l lF1 =,000001 F I L  1 160 
lk I A T R l H I l 1 I  501rl F I L M  1 1 0  
5 I I F I  = - *oooon t F I L Y  1 9 0  
1 N F F T I I . M F A ) = F C A L F * ( A T R I B ~ I l ~ U E L )  F I L M  290 
C*+*PS*MFFX IF F I R S T  FNTKY I N  F I L E  WHICH H A S  NOT t\F'FN CflWPAKFO W I T H  I T E C  F I L M  2 G 0  
F I L M  2 2 0  PIFFX = C F F I J Q )  
PI1 FX=MI Ff.JiJI F I L M  2 3 0  
C * P * W * M l  F X  1 S  I A S T  FNTRY I N  F I L E  WHICH HAS NflT RFFN C f l M P A R f l )  W I T H  I T E M S  F I L 4  2 4 0  
c * o * * + r i i  A F  I~V~FHTFI), F [ I - M  2 5 0  
C * * * * * K N T  IC A C l i F C K  C l l O F  T O  I N C I C A T t r  THAT M i l  C f l M P b K I S f l N S  H A V F  nCEN YACEI-TLV 2t50 
UNF = 7 . F l L i I  270 
C***+*KS IS YHF RflW f lN  WHICH I T F M S  OF F l t F  ,113 A 3 F  R 4 N K F n  F I L M  280 
C*: * * *+Ot lTTfNG AN FFJTHY IN F I L E  J Q  F I L ' 4  3 6 0  
C * W % * N X F A  I F  TI-F F I I C C F S S O K  COLUMN OF THE F I R S T  AWAI !ARLF CflI.III4N FOR F I L M  31C 
F I L M  320 C * * S % * F T i l K l N G  i N F f l R M A T l U N  
C*****THF I T F P  lfl HF I N F F R T E D  WILL t3F PUT I K  CnLlJMN MFA F I L M  3 3 0  
R NXFA = N C F T ( M X r M F A )  F I L Y  3 4 0  
I F I N O L J C I )  9 , i o r 9  I: I L M  3 5 0  
C * * * * * l F  I h N f . J O 1  FOLJAIF 1 1  F I L E  IS L V F S  3 )  F I L F  IS HVFS 3 )  F I L E  IS F I F C f I L 4  360 
C * * * * * 4 1  F I i F  IF L I F O  f 1 L . t  3 7 0  
9 IF I I N N I J Q ) - I l  1 0 0 i l l r 6  F 1I.P 3 8 3  
h I F f I N N ( J Q ) - ? )  1 9 s 1 3 9 1 6  F ILW 390 
1 0  I ~ F F T I  MXXeMFA)=KI  F F I L I J  4 C O  
M f F f . 1 0 1  = P f A  F I L M  410 
C*Q***THFHF I5 NC FlJCCFCFflR OF I T E M  INSERTFD, F I N C F  I T F M  MAS INSEI<TFD F I L " !  420 
SIIHROIJTINF F I L F M  I J Q q N S E Y )  
l N n O v  NnRPT.NOT r N P R M t o  NKUN ~NRUNSINSTAT t I l lJTs SCAl FI I SFFDo TMLId 9 
7TRFGm TF I N - +  R X X ,  NPKNTI NCRDK o N t  PI VN8 I 100) r KOF 9 KI F o  K n L  
C. fl 4 34IlN A T  R 1 f i  I 1 0 1 9 F N I3 ( 1 0 0 ) 9 I N N  t 1 0 0 1 e J C F L 5 I 1 0 e 3 7 1 e K R A N K  ( 1 0 0 1 e J C L R 1 
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